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The biological functions of most of the ~29,000 genes in the Arabidopsis thaliana 
genome have not yet been established. While several large-scale reverse genetics 
resources for analysis of gene function are now publicly available from stock centers, in 
order to obtain insertional knock outs of all the smaller genes (e.g. the CLV3-like genes or 
micro RNA genes) an even larger number of lines may be required. A targeted disruption 
strategy for specific genes could circumvent the necessity for generating these very large 
number of insertion lines. 
Currently T-DNA and transposons are the two main insertional mutagens, used 
widely for gene disruption in Arabidopsis. While T-DNA insertions are easily generated in 
Arabidopsis, it is difficult to generate large collections of independent T-DNA lines in 
plant species for which transformation methods are more laborious. In contrast, transposon 
mutagenesis can be accomplished using a limited number of “starter lines” generated by 
transformation.  
This study describes the development and application of a novel system of 
inducible insertional mutagenesis based on the Ac-Ds family of transposons for targeted 
tagging in Arabidopsis thaliana that aids identification of gene function by their pattern of 
expression during different stages of development. In this approach, the Ac and Ds 
elements are carried within the same T-DNA and a heat shock inducible transposase 
fusion is utilized to control the levels of transposase gene expression, generating 
transpositions which can be subsequently stabilized without requiring crossing or 
segregation. These insertion lines can be used both for forward and reverse genetic 
screens, and can also serve as launch pads for further mutagenesis by re-subjecting the 
plants to heat shock treatment. 
 
xii
40 single copy starter lines were mapped by TAIL-PCR, which can be used as 
potential launch pads for heat shock mutagenesis. Using a starter line selected for detailed 
analysis, the efficiency of tagging over a 50 kb region in the genome was examined by 
reverse genetics. Hits were obtained in the targeted genes with multiple alleles for most 
genes, with approximately equal numbers of hits detected in genes on either side of the T-
DNA. These results establish the feasibility of our approach for localized saturation 
mutagenesis in Arabidopsis. This system is very efficient and much less laborious than 
conventional crossing schemes, and may be generally applicable to other plant species for 
which large scale T-DNA tagging is not currently feasible. 
Further studies were carried out on insertions obtained for the targeted genes. 
Since the Ds element is a gene trap, GUS staining assays were performed. Interesting 
patterns of gene expression at various stages of plant development were observed. 
Expression patterns were complemented with bioinformatics analyses to examine and 
understand the nature of the genes; domains present in the protein (if any) and 
phylogenetic relationships with other candidate genes. Putative redundant partners were 
identified and seed stocks for knockouts in those were requested from either the SALK or 
SAIL databases. The insertion in likely redundant partners was verified and crossed with 
the targeted genes for the generation of double and triple mutants.  
In conclusion, this study provides an efficient inducible system for targeted tagging 
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1.1 Plants and mankind  
Human dependence on plants is in nearly every aspect of life. We use plants for 
food, both directly and as secondary consumers. While photosynthesis provides the 
biological and chemical energy that fuels our world and is responsible for oxygen and 
carbon dioxide cycling, we also utilize plant structural components as building materials 
and textiles, and plant metabolites, for their nutritional and medicinal properties, and as 
industrial raw materials. With the expanding world population and most of the arable land 
already in use, it is becoming necessary to find new ways to improve crop yields in an 
environmentally friendly fashion. 
In the last few decades substantial progress has been made in plant research that 
provides useful insights into the natural processes of disease resistance, responses to 
environmental stresses, plant metabolism, etc. These clues can lead us to a future in which 
we can utilize our knowledge to make positive changes in plant species of economic 
importance like for example; for enhancing resistance to insect, bacterial, viral and 
parasitic attacks; increasing tolerance to abiotic stresses, such as heat, drought and soil 
salinity and for enhancing nutritional yields. In order to accomplish these goals, a 
thorough understanding of how a plant behaves under normal conditions is a pre-requisite 
for which a model laboratory plant is required. Arabidopsis thaliana has emerged to be 
that model plant for reasons that are described below.  
 
1.2 Why Arabidopsis thaliana? 
Arabidopsis thaliana is a small dicotyledonous species belonging to the 
Brassicaceae or the mustard family. It is an annual cruciferous weed belonging to the 
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following taxonomic classification- Eukaryota; Viridiplantae; Streptophyta; Embryophyta; 
Tracheophyta; Spermatophyta; Magnoliophyta; eudicotyledons; core eudicots; rosids; 
eurosids II; Brassicales; Brassicaceae; Arabidopsis. Despite not being an economically 
important plant, Arabidopsis thaliana has been a focus of intense genetic, biochemical and 
physiological research for over 50 years because of several favorable traits that include a 
relatively fast life cycle, prolific seed production, limited space requirement for growth, 
small genome size and amenability for genetic manipulations. 
 
1.3 Genomics in Arabidopsis 
Arabidopsis thaliana was the first flowering dicotyledonous plant for which the 
complete genetic sequence was available in 2000 making it more amenable to molecular 
manipulations and reverse genetic studies. This model plant is estimated to have a genome 
size of 125 Mb that is distributed over 5 chromosomes with approximately 29,000 genes, 
out of which only ~1000 genes have been assigned biological functions by direct 
experimental evidence and 55% have been assigned a putative function but not a 
biological role (Somerville and Jeff, 2000). The completed annotation can be accessed at 
www.arabidopsis.org and http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid 
=3702. Figure 1 represents the classification of a significant proportion of genes with 
predicted function and a large percentage of genes that could not be assigned into any 
functional categories. 
 
1.4 Post-sequencing era, what next? 
Comparison of Arabidopsis genomic sequence to two other multicellular 
organisms: Drosophila melanogaster and Caenorhabditis elegans predicts 10,000-15,000 








Figure 1: Functional analysis of Arabidopsis genes: A cartoon representing proportion of 
predicted Arabidopsis genes ascribed to different functional categories. Figure adapted 
from The Arabidopsis Genome Initiative, 2000. 
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reorganization and deletion have led to the diploid Arabidopsis thaliana that we see now. 
This genome duplication has led to a major increase in the number and size of gene 
families. In Arabidopsis, 37.4% of the gene families have more than five members, 
compared with 12.1% for D. melanogaster and 24.0% for C. elegans which establishes 
functional redundancy and explains why many gene knock outs do not result in any 
obvious phenotype (Willmann, 2001). 
Only 8-23% of Arabidopsis proteins involved in transcription have related genes in 
other eukaryotes indicating independent evolution of many plant-specific genes such as 
the WRKY transcription factors, Dof domain transcription factors (DNA-binding with one 
finger [Yanagisawa, 2004]). In contrast, 48-60% of genes involved in protein synthesis 
have counterparts in other eukaryotic genomes, reflecting a high degree of conservation 
(The Arabidopsis Genome Initiative, 2000). 
While bioinformatics tools are useful in gene prediction and putative function, 
experimental methods such as mutant analysis are needed to establish gene function.  
 
1.5 Insertional mutagens: T-DNA versus Transposons 
Transposable elements (TEs), first discovered in maize by Barbara McClintock 
(McClintock, 1950) have been used extensively both in plants and animal systems for 
cloning of developmentally important genes. Transposable elements have subsequently 
been found in almost all the organisms examined and are believed to constitute a major 
agent for the generation of evolutionary diversity through mutations and genome 
rearrangements. Maize Ac/Ds elements are active in heterologous systems therefore these 




Currently T-DNA and TEs are the two main insertional mutagens, used widely for 
gene disruption in Arabidopsis (Fedoroff, 1989; 1993; Errampalli et al., 1991; Bancroft et 
al., 1993; Apiroz-Lenehan and Feldmann, 1997; Martienssen, 1998; Krysan et al., 1999; 
Parinov and Sundaresan, 2000). While T-DNA insertions are easily generated in 
Arabidopsis, it is difficult to generate a large collection of independent T-DNA lines in 
other plant species for which transformation methods are more laborious. In contrast, 
transposon mutagenesis can be accomplished using a limited number of “starter lines” 
generated by transformation (reviewed in Ramachandran and Sundaresan, 2001).  
Transposons integrate in the genome as single intact elements as compared to the complex 
integration patterns that are frequently generated by T-DNA, and can be used for reversion 
analysis by remobilizing the transposon insertion. 
In addition to Ac/Ds element, En/Spm (Enhancer/ Suppressor-Mutator) and Mu 
(Mutator) elements have been used for cloning a large number of maize genes. All TE 
systems include an autonomous element and a non-autonomous element. While the 
autonomous element encodes for a functional source of transposase and is therefore 
capable of mobilizing itself, the non-autonomous element does not encode for a functional 
transposase and is dependent on the presence of an autonomous element for its 
mobilization. 
 
1.6 Targeted disruption of genes in Arabidopsis  
In yeast, gene replacement by homologous recombination is an exquisite and a 
precise process of targeted gene disruption to probe gene function because of the high 
levels of homologous recombination in haploid and to some extent in diploid yeast. 
Although there have been recent successes in gene replacement in Arabidopsis, the 
method is quite laborious involving the generation of thousands of transgenic plants for 
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every gene to be examined (Kempin et al., 1997). An alternative and a much more directed 
approach for gene knock out that has been employed recently is gene silencing via sense 
or ant-sense suppression (Baulcombe, 1996). Using these methods, it is possible to “knock 
down” the activity of any essential gene. However, this method also requires generation of 
several independent transgenic lines for every gene assayed and may not be a complete 
“knockout”.  
Moreover, essential genes cannot be down regulated in this way because gene 
suppression would lead to dominant lethal phenotypes. Therefore, a directed approach for 
gene tagging is required to help elucidate the functions of the remaining genes and our 
study provides with one such method using Ac/Ds transposable elements.  
 
1.7 Transposon tagging 
Transposons have been engineered for their use as tools for functional genomics 
(insertional mutagenesis) in many organisms to clone genes where transposon sequences 
serve as “molecular tags”. Several methods are available that have been successfully 
utilized by many laboratories. Some of them will be briefly described. 
 
1.7.1 Random tagging (gene trap) 
The approach of random tagging incorporates introduction of an autonomous and a 
non-autonomous element transgenically into plants followed by crossing them to initiate 
mobilization of the non-autonomous element from the donor site. An efficient negative 
selection scheme was employed that selects against closely linked transposition events 
(Sundaresan et al., 1995). A cartoon depicting the random tagging approach has been 





Figure 2: Random Tagging approach of gene tagging: Transposon tagging with selection 
for unlinked events. The open triangle on chromosome 3 indicates the original site of 
starter T-DNA while the filled-black triangles indicate new Ds insertion sites. 
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system to generate transpositions with similar underlying principle (Zhang et al., 2003; 
Tissier et al., 1999; Muskett et al., 2003). 
 
1.7.2 Targeted tagging 
This study describes a system of inducible insertional mutagenesis based on the 
Ac-Ds family of transposons for targeted tagging in Arabidopsis thaliana. In this system, 
the Ac and Ds elements are carried within the same T-DNA and a heat shock inducible 
transposase fusion is utilized to control the levels of transposase gene expression, 
generating transpositions which can be subsequently stabilized without requiring crossing 
or segregation. These results establish the feasibility of our approach for localized 
saturation mutagenesis in Arabidopsis. This system is efficient and much less laborious as 
compared to conventional crossing schemes, and may be generally applicable to other 
plant species for which large-scale T-DNA tagging is not currently feasible. Figure 3 is a 
schematic representation of the concept of targeted tagging. 
 
1.8 Behavior of Transposable elements 
Transposable elements are known to preferentially jump to nearby or linked sites 
(e.g., Bancroft and Dean, 1993b; Machida et al., 1997; reviewed in Ramachandran and 
Sundaresan, 2001). According to Machida et al., (1997), 50% of all transposition events 
occur within 1700 kb on the same chromosome, with 35% within 200 kb, and the elements 
transpose on either side of the starter T-DNA position on the chromosome with roughly 
equal probability. This property of transposable elements can be exploited for targeted (i.e. 
localized) transposon mutagenesis of a chromosomal region, which has been used in 
endogenous systems (reviewed in Sundaresan, 1996) as well as in heterologous systems 





Figure 3: Targeted tagging approach of gene tagging: This method is useful for saturation 
of known genomic regions. For example, in this representative figure the open triangle on 
chromosome 3 indicates the original site of starter T-DNA while the filled-black arrows 
indicate new Ds insertion sites. 
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 A transposon insertion library generated from a starter T-DNA would therefore be 
rich in insertions into the adjacent genomic region. Ito et al., 1999 and Seki et al., 1999 
employed this strategy for regional insertional mutagenesis of genes in two different 
regions of chromosome five in Arabidopsis. However, their system was a binary system 
with the autonomous and non-autonomous elements placed on separate T-DNA vectors that 
have been superseeded by the system described in this study. 
 
1.9 Aim of the project 
Despite the availability of several “loss of function” databases that have saturated 
the genome with transposon insertions, ~85% of Arabidopsis genes still remain without a 
known function. The aim of this project was to develop a new system for insertional 
mutagenesis in Arabidopsis with advantages over existing systems (described in details in 
sub-section 3.11). To achieve this goal, a novel T-DNA was constructed that has the 
autonomous Ac transposase (gene) and the non-autonomous Ds “element” (gene-trap) 
under the control of a heat-shock promoter, which was then introduced into Arabidopsis 
WS (O) by root transformation. This reduces labor involved in generating several 
independent transgenic lines and since the transposase source is inducible, crossing and 
segregation are not required. Forty independent starter lines were developed that are more 
or less randomly distributed over the genome with partial overlap.  
The next objective was to analyze the efficacy of the system on a large-scale. In 
order to achieve the objective, one starter line was chosen for exhaustive heat shock 




MATERIALS AND METHODS 
 
2.1 Plant Material and growing conditions 
2.1.1 Plant Material: All plants were Arabidopsis thaliana ecotype Wassilewskija-0 
(WS-0) unless mentioned otherwise. The SALK and SAIL insertion lines were 
in the Columbia background. 
2.1.2 Plating and sterilization of seeds: Seeds were aliquoted in 1.5 ml eppendorf 
tubes and wetted by adding 70% ethanol. After a few minutes of shaking, 
healthy seeds settled down and the ethanol was replaced by 20% Clorox 
(bleach) solution containing 0.1% Sodium dodecyl sulphate (SDS). The seeds 
were shaken vigorously in this solution for 5 minutes. The Clorox was 
removed and replaced with sterile water. This was repeated three more times. 
The seeds were then plated either directly to Murashige and Skoog (MS, 
[Murashige and Skoog 1962]) containing media or MS media supplemented 
with appropriate hormones or antibiotics or both. The plates were left at 4 ºC 
for stratification for four days and then transferred to incubators at 22ºC (16 h 
of continuous light followed by a dark period of 8 h). After 10-15 days, 
resulting seedlings were later transferred to soil. 
2.1.3 Stratification of seeds directly on wet filter paper: Whatman filter paper was 
placed inside a petri plate and wetted by pouring just enough water so there is 
no excess water floating on top. Seeds were sprinkled on top of the wet filter 
paper. The plates were closed and sealed, wrapped with aluminum foil and 




2.1.4 Germination of seeds on soil: Stratified seeds were sprinkled directly to 
Premier Pro-Mix potting soil (http://www.living-learning.com/store/containers/ 
premier%20soil.htm) and watered with nutrients containing solution 
(Hoagland’s solution [Hoagland and Arnon, 1950]). The growth chambers 
were maintained at 22 °C with continuous day light of 16 h followed by a 
continuous period of dark lasting for 8 h.  
 
2.2 Media Composition, antibiotic and hormone preparation 
All the media were autoclaved at 121ºC for 20 min. 
    a.  MS mediim (1000ml) 
MS Salts 4.3g (From Sigma or Gibco-BRL) 
Sucrose 30g (From Sigma) 
The pH was adjusted to 5.7 with 1N KOH before adding 8 g Agar.  
b. B5 medium- Gamborg’s liquid medium (1000ml) 
B5 Salts 3.2g (From Sigma) 
Sucrose 20g 
The pH was adjusted to 5.7 with 1N KOH before adding 8 g Agar.  
c. H Medium (1000ml) 
B5 Salts 3.1g 
Glucose 20g (From Sigma) 
MES 0.5g (From Sigma) 
The pH was adjusted to 5.7 with 1N KOH before adding 0.25% phytagel (from 
Sigma).  
0.5mg/l 2,4-D  
0.05mg/l Kinetin  
 
13
d. J Medium (liquid) (1000ml) 
J media is the same as H medium but does not contain phytagel. 
e. C4 Medium (1000ml) 
B5 Salts 3.1g 
Sucrose 10g 
MES 0.5g 
The pH was adjusted to 5.7 with 1N KOH before adding 0.25% phytagel (from 
Sigma).  
5.0mg/l 2-ip. 
0.15mg/l IAA  
50mg/l Kanamycin 
100mg/l Carbenicillin 
f. C4 (0.6% agarose) Medium (1000ml) 
C4 (0.6% agarose) media is the same as C4 medium except that 0.25% 
phytagel was replaced with 0.6% agarose. 
g. R Medium (1000ml) 
MS Salts 4.3g 
Sucrose 30g 
The pH was adjusted to 5.7 with 1N KOH before adding 0.25% phytagel (from 
Sigma).  
h.  R3 Medium (1000ml) 





i. H’ Medium (1000ml) 
B5 Salts 3.1g 
Glucose 20g 
MES 0.5g 
The pH was adjusted to 5.7 with 1 N KOH before adding 0.3% phytagel. 
Before pouring in phytocons, 25mg/l kanamycin and 100mg/l carbenicillin was 
added to the medium. 
j. 2,4-D  
Stock solution: 0.5mg/ml in 10% DMSO 
Working concentration: 0.5mg/l 
k. Kinetin 
Stock solution: 0.5mg/ml in 10% DMSO 
Working concentration: 0.05mg/l 
l.  2-ip  
Stock solution: 5mg/ml in a few micro liters of 1M KOH 
Working concentration: 5mg/l  
m. IAA  
Stock solution: Stock 0.15mg/ml in a few micro liters of 1 M KOH 
Working concentration: 0.15mg/l 
n. Kanamycin 
Stock solution: 50mg/ml in sterile water 
Working concentration: 50mg/l 
o. Carbenicillin  
Stock solution: 100mg/ml in sterile water 
Working concentration: 100mg/l 
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2.3 Construction of Starter Lines by root transformation 
Seeds were stratified for 2-3 days at 4°C and germinated on MS medium (0.25% 
phytagel) for 10 days as described above. Seedlings were transferred to flasks containing 
liquid B5 medium to promote rooting and placed on a shaker incubator maintained at 200 
rpm for 10 days. The seedlings were taken out and the roots were excised and transferred 
to 2,4-D and kinetin containing medium for pre-incubation. Three days after pre-
incubation, the roots were transformed with Agrobacterium strain LBA4404 harboring the 
plasmid pYS11. The excised roots were allowed to co-cultivate for 3 days after which they 
were washed, first with sterile water followed with 3 rounds of washes with liquid B5 
medium supplemented with 2,4-D, kinetin, carbenicillin and kanamycin.  
The roots were blotted dry on sterile Whatman 3M filter paper for removal of 
excessive liquid medium, mixed with 0.6% agarose containing 2-ip, IAA, kanamycin and 
carbenicillin and plated on medium containing 2-ip, IAA, kanamycin and carbenicillin. 
Resistant calluses were observed as green callus growing on yellow root explants, which 
eventually gave rise to shoots. These shoots were cut and transferred to MS plates 
containing kanamycin and carbenicillin antibiotics. After a few days, resistant shoots were 
transferred to phytocons (from Sigma) containing MS medium supplemented with 
kanamycin and carbenicillin. Seeds were carefully collected when the plants senesced, 
germinated on kanamycin containing medium and analyzed for copy number of the 
transgene.  
 
2.4 DNA gel blot hybridization 
In order to determine the transgene copy number of starter lines, DNA was 
extracted from buds and leaves of selected starter lines and digested with EcoR1 for 4h 
followed by fractionating the digested product on a 0.8% agarose gel. The 2.2 kb EcoR1 
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fragment from the Ds-T-DNA vector pYS11 was used as a probe to identify the number of 
T-DNA copies integrated in the genome. Single copy insertions results in 2 bands, an 
internal positive control of 1.8 kb from the left border of the T-DNA and a band of 
variable size depending on where the next EcoR1 site was present in the genome.  
 
2.5 Mapping of Insertion Lines by TAIL-PCR 
Thermal asymmetric interlaced PCR (TAIL-PCR) with minor modifications was 
performed on 40 independent insertion lines that were identified to contain a single copy 
of the T-DNA (Liu et al., 1995), utilizing arbitrary degenerate (AD) and T-DNA end 
primers. The AD and the T-DNA end primers are listed in the “List of primer sequences” 
and the PCR program is described below. The flanking sequences obtained were subjected 
to BLAST searches of the National Center for Biotechnology information (NCBI) and the 
genomic sequences obtained were placed in the sequence viewer of the TAIR website 
(www.arabidopsis.org) to identify the exact location of T-DNA insertion site. Later, gene-
specific forward and reverse primers together with T-DNA end primers were used to 
determine and confirm the insertion sites.  
 
2.6 TAIL-PCR program 
2.6.1 Plant DNA Extraction: Plant DNA was prepared using Nucleon Phytopure 
Resin Technique from Amersham. 
2.6.2 Reagents/Primers used 
i. 10x dNTPs mix 
Stocks of dNTPs are 100mM 
dATP = 190µl 
  dCTP = 190µl 
  dGTP = 190µl 
  dTTP = 190µl 
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  H2O = 8740µl 
Total  = 9500µl 
(The concentration of dNTPs at 10x is 2 mM and working 
concentration is 0.2 mM) 
 
 ii. Buffer Mix 
For 1 Reaction 
10X PCR Buffer  = 2 µl 
10X dNTPs   = 2 µl 
25mM MgCl2   = 0.4µl 
H2O    = 5.42 µl 
Taq Polymerase (5 Units/µl) = 0.18 µl (0.9 U) 
Total Volume   = 10.00 µl 
  
 
2.6.3 Primary TAIL-PCR 
  TAIL-PCR Ds/AD primer combination for Primary TAIL-PCR  
Ds5’-1/AD1 Ds3’-1/AD1   
Ds5’-1/AD2 Ds3’-1/AD2   
Ds5’-1/AD3 Ds3’-1/AD3   






(Both Ds and AD primers are 1000 picomol/µl) 
 
PCR Volume: 20µl 
DNA (30-50 ng)  = 6µl 
Ds/AD Primers  = 4µl 




PCR program for 1º TAIL-PCR 
   Step Temperature (ºC) Time Remarks 
1 95 2 min  
2 94 30 s Ramping 1.5ºC/s 
72ºC-94ºC 
3 62 1 min  
4 72 2min 30 s  
Go to step 2 and repeat 4 times 
5 94 30 s Ramping 1.5ºC/s 
6 25 3 min  
7 72 2min 30 s Ramping 0.26ºC/s 
8 94 10 s Ramping 1.5ºC/s 
72ºC-94ºC 
9 64 1 min  
10 72 2min 30 s  
11 94 10 s Ramping 1.5ºC/s 
12 64 1 min  
13 72 2min 30 s  
14 94 10 s Ramping 1.5ºC/s 
15 44 1 min  
16 72 2min 30 s Ramping 1.5ºC/s 
       17                            Go to step 8 and repeat 14 times 
18 72 5 min  
19 4 Hold  
 
2.6.4 Secondary TAIL-PCR 
2µl of TAIL 1 PCR product was diluted in 75µl of H2O from which 6µl was used 
as template for secondary TAIL-PCR. 
TAIL-PCR Ds/AD primer combination for Secondary TAIL-PCR 
Ds5’-2/AD1 Ds3’-2/AD1   
Ds5’-2/AD2 Ds3’-2/AD2   
Ds5’-2/AD3 Ds3’-2/AD3   






(Ds = 4pmol, AD = 30pmol) 
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Ds/AD primers  4µl 
Diluted TAIL-1 Product 6µl 
Buffer Mix   10µl 
 
    PCR program for 2º TAIL-PCR 
 
2.6.5 Tertiary TAIL-PCR 
2µl of secondary TAIL-PCR product was diluted in 75µl of H2O from which 6µl 
was used as template for tertiary TAIL-PCR. 
TAIL-PCR Ds/AD primer combination for Tertiary TAIL-PCR 
Ds5’-3/AD1 Ds3’-3/AD1   
Ds5’-3/AD2 Ds3’-3/AD2   
Ds5’-3/AD3 Ds3’-3/AD3   






 (Ds = 4pmol, AD = 30pmol) 
Ds/AD primers  4µl 
Diluted TAIL-2 Product 6µl 
Buffer Mix   10µl 
Step Temperature (ºC) Time Remarks 
1 94 10 s Ramping 1.5ºC/s 
2 61 1 min  
3 72 2min 30 s  
4 94 10 s Ramping 1.5ºC/s 
5 61 1 min  
6 72 2min 30 s  
7 94 10 s Ramping 1.5ºC/s 
8 44 1 min  
9 72 2min 30 s Ramping 1.5ºC/s 
       10                          Go to Step 1 and repeat 14 times 
11 72 5 min  
12 4 Hold  
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   PCR program for 3º TAIL-PCR 
 
Step Temperature (ºC) Time Remarks 
1 94 15 s Ramping 1.5ºC/s 
2 44 1 min  
3 72 2min 30 s  
        4                                Go to Step 1 and repeat 29 times 
5 72 5 min  
6 4 Hold  
 
The remaining PCR product from the secondary TAIL-PCR and the entire PCR 
product from the tertiary TAIL-PCR were run adjacent to each other on a 1.7% agarose 
gel to identify a shift in banding pattern. The tertiary PCR fragments that showed a shift 
were cut and eluted using Qiagen Quick PCR purification kit for gel elution. The quality 
of DNA was checked by running 1µl of the eluted DNA on a 1.7% agarose gel. In 
instances when the amount of DNA was low, the samples were concentrated by speedvac. 
The samples were then sent for sequencing using either the T-DNA-LB and RB primers 
(starter lines) or Ds 5’-3 and Ds 3’-1 (Ds insertions). 
 
2.7 Verification of insertion site by PCR 
In order to verify the T-DNA insertion sites in the starter lines, forward and reverse 
gene-specific primers were designed based on the sequence obtained from the TAIL-PCR 
results and used in combination with T-DNA end primers to determine and confirm the 
insertion sites. Also, the genomic sequences around the insertion site were analyzed to 
examine where the nearest EcoR1 site was present. This information was then utilized to 






2.8 Heat Shock and Ds Transposition 
Three different heat shock treatment regimes have been described before (Balcells 
et al., 1994). Under the first treatment regime (HS-vegetative or HS-veg), plants were heat 
shocked repeatedly (described below) from 9 days after germination until they started to 
bolt, but stopped before flowers opened and fertilization occurred. The second regime 
(HS-reproductive or HS-rep) involved heat shocking only when inflorescences were 
visible and it was continued until senescence occurred. The third regime (HS-veg/rep) 
involved heat shocking the plants from two weeks after germination until seed set.  
The second regime mentioned above was followed, namely, heat shocking plants 
at flowering stage (HS-rep) since the heat shock promoter has been shown to be active in 
embryos developing inside the growing silique. The plants were heat shocked for 1 hour at 
40 to 42°C, followed by a rest period of an hour. This was repeated four times a day for 
three alternate days of the week and for three to four weeks till the plants started to turn 
yellow and senesced. High humidity conditions were maintained by placing a tray of water 
at the bottom of the heat shock incubator, throughout the heat shock treatment.  The water 
in the tray at the bottom of the chamber was checked frequently. The temperature of the 
incubator was monitored regularly. 
After heat shock treatment, the seeds were collected from the HS0 plants, sown on 
streptomycin (100 μg/ml) and kanamycin (50 μg/ml) containing medium and screened for 
the occurrence of variegated or resistant seedlings. 
 
2.9 Selection procedure for detection of somatic and germinal excision events 
Seeds were collected from the plants that were heat shocked (HS1 seeds), surface 
sterilized and germinated on MS medium supplemented with kanamycin and 
streptomycin. Seedlings were allowed to grow on selection plates for 10-14 days after 
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which they were transferred to plain MS plates for 7-10 days for the seedlings to recover 
from the double antibiotic shock. Seeds from the same starter lines that were not heat 
shocked were always plated simultaneously on antibiotic containing medium as negative 
controls. This was followed each time seeds from heat-shocked parents were germinated.  
A similar protocol was followed to identify germinal excision events in the next 
generation (HS2) when progeny from HS1 generation were sown on MS medium 
containing kanamycin and streptomycin. Streptomycin sulphate from two different 
companies (Sigma, http://www.sigmaaldrich.com and Gibco BRL, 
http://www.invitrogen.com) was examined. It was observed that streptomycin sulphate 
from Sigma (catalogue number, S-6501) worked well as compared to that from Gibco 
BRL (catalogue number, 11860-038). Seedlings grown on medium containing 
streptomycin sulphate from GIBCO BRL were pale green and therefore the distinction 
between resistant and sensitive seedlings on double antibiotic plates was ambiguous.  
The streptomycin selection step was found to be important to increase frequencies 
of germinal transpositions. Streptomycin acts in a cell autonomous manner in cotyledons 
by binding to the S12 protein of the 30S ribosomal subunit causing inhibition of initiation 
of chloroplast protein synthesis. On streptomycin selection medium, sensitive cells do not 
die, but bleach out if they are provided with a carbon source, therefore making it an 
efficient visible selection mechanism for our study (Dean et al., 1992).   It is possible that 
during seedling growth and development on streptomycin selection media, streptomycin 
sensitive cells in the shoot apex are replaced by neighboring active growing cells that are 
streptomycin resistant and that these ultimately give rise to the germ line. Nomenclatures 
used for plants that were heat shocked and an overall strategy for mobilization of Ds 
element and generation of transposon lines are shown in Figures 4 and 5 respectively. 
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Figure 4: Nomenclatures used for plants that were heat shocked and their progeny: This 





Figure 5: Strategy for generating Ds transpositions: A strategy for generating Ds 
transpositions by heat shocking single copy starter lines harboring the plasmid pYS11. A 
heat shock promoter from Glycine max drives the transposase gene. HS1 seeds are 
collected, germinated on medium containing antibiotics streptomycin and kanamycin and 
self-fertilized. Resulting HS2 plants can be used for both forward and reverse genetics 
screens. Ds, Dissociation element. 
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2.10 Staining for GUS activity 
Insertion lines were histochemically stained for GUS activity at three different 
stages of plant development. Tissue samples were transferred to micro titer plates 
containing 1.5 ml of GUS staining solution comprising of 100mM sodium phosphate: pH 
7, 10mM EDTA, 0.1% Triton X-100, 1mg/ml of X-Gluc, 100 μg/ml chloramphenicol and 
either no potassium ferrocyanide and potassium ferricyanide or 1mM potassium 
ferrocyanide and potassium ferricyanide in the GUS staining solution. The addition of 
potassium ferrocyanide and potassium ferricyanide increases the specificity of stain 
localization in instances where the GUS staining is highly intense and/or diffused.  
After addition of GUS staining solution to the tissue samples, the micro titer plates 
were subjected to vacuum infiltration treatment for 5-10 min followed by incubation at 
37°C overnight unless specified otherwise. 
The GUS stain was removed the next day and replaced either with 70% ethanol or 
with a clearing solution comprising of chloral hydrate; 80g, glycerol; 10ml and water; 
30ml. The clearing solution was changed 2 to 3 times till the tissue cleared completely. 
 
2.11 Construction of double mutants 
Seed stocks were requested from SALK and SAIL stocks for the likely redundant 
partners for generation of double and triple mutants. The SALK and SAIL T-DNA 
insertion lines were verified by PCR using T-DNA LB primers in combination with gene-
specific forward and reverse primers. Homozygous SALK/SAIL insertion lines carrying 
the insertion were identified and crossed to the target genes.  
The target genes were used as both maternal and paternal parents for cross-
pollination. The resulting F1 seeds were germinated and allowed to self-fertilize. 
Segregating F2 population was screened for any obvious phenotypic defects. In cases, 
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where triple mutants were constructed, homozygous double mutants were used as both 
male and female parent and crossed to lines that harbored homozygous insertions in the 
target gene. F1 seeds were collected and these plants were allowed to self-fertilize. 
Segregating F2 population was screened for any obvious phenotypic defects. 
In a few cases when the likely redundant target genes are tandemly placed or close 
to each other, the homozygous insertion lines were re-subjected to heat shock treatment. 
This enables the Ds to jump from its original insertion site after the first round of heat 
shock treatment, thereby leaving a foot print, and reinserts itself into an adjacent or a 
nearby gene, creating a double knock out (Tantikanjana et al., 2004). 
 
2.12 Softwares used for bioinformatics analysis 
DNA StriderTM  1.3f16 
SeqEd v1.0.3 
EditView Version 1.0.1  
clustalx 
TreeViewPPC Version 1.6.5 
Tex-Edit Plus 4.6 
 
2.13 Microscopy and Image processing 
Plant samples were observed under Nikon SMZ-10A and Nikon SMZ-800 
dissecting microscopes, and Nikon Eclipse 80i and SyncroCool 435 (from Syncroscopy 
Unique Imagine) microscopes. Digital pictures were taken using the RT-Color Spot 
program from Diagnostic Instruments, inc. and Auto-Montage software, version 
4.00.0413. Pictures were processed using Adobe Photoshop 7.0, Adobe Photoshop CS and 
Adobe Illustrator 10. 
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2.14 Protein alignment and construction of phylogenetic trees using Clustalx 
Clustalx was used for protein alignment and the alignment file was used for 
construction of phylogenetic trees. Clustalx is a windows interface for the Clustal W 
multiple sequence alignment program. It provides an integrated environment for 
performing multiple sequence and profile alignments and analyzing the results. Sequences 
were uploaded through the “File” menu. The protein sequences were included in one 
document and saved in the text format of Microsoft Word. The sequences were aligned 
using the Multiple Alignment mode.  
A ruler is displayed below the sequences indicating the degree of conservation. A 
flat plateau indicates a strong degree of conservation. Three characters have been used, 
“*”, “:” and “.”. A “*” indicates positions which have a fully conserved residue; a “:” 
indicates that one of the strong groups- CEA, NEQK, NHQK, NDEQ, QHRK, MILV, 
MILF, HY, AND FYW are fully conserved and a “.” indicates one of the following 
weaker groups- CSA, ATV, SAG, STNK, STPA, SGND, SNDEQK, NDEEQHK, FVLIM 
AND HFY to be fully conserved. 
The protein sequences of target genes were obtained from the TAIR database 
(http://www.arabidopsis.org/tools/bulk/sequences/index.jsp) and subjected to BLAST 
searches at the TAIR website (http://www.arabidopsis.org/Blast/). All the related family 
members with low e-values were identified. Protein sequences of the related members 
were also retrieved from the TAIR database. 
The protein sequences were completely aligned using clustalx (Thompson et al., 
1997). Phylogenetic trees were constructed using the Bootstrap Neighbor-joining method 
of TreeViewPPC program (Page RDM, 1996). It involves making N random samples of 
sites from the alignment; drawing N trees (1 from each sample) and counting how many 
times each grouping from the original tree occurs in the sample tree. The tree was 
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bootstrapped 1000 times. The trees have been represented as unrooted radial trees since 
they best represent unbiased relationships between candidate redundant and non-redundant 
genes. Branches are scaled by their length (if tree has branch lengths), otherwise each 
branch has the same length. Bootstrap labels were set at the nodes. The resulting tree was 
copy pasted on Adobe Photoshop 10 and modified accordingly.  
 
2.15 Sequences of primers used in this study  
(All the primers are listed from 5’-3’ orientation) 
D14LB    AGGTAATGGGCTACACTGAATTGG 
LBNew2    GTAGCTCAAACTGTCAGTAT 
LBNew3A    TCAAGGCATCGATCGTGAAGT  
B50     TCTAATTTCAAACTATTCGGGCCTAAC 
C30RBT    CTTATCGACCATGTACGTAAGCGC 
C32RBN    CCTGTGGTCTCAAGATGGATCAT 
Ds 5’-1   CCGTTTACCGTTTTGTATATCCCG 
Ds 5’-2   CGTTCCGTTTTCGTTTTTTACC 
Ds 5’-3   CGGTCGGTACGGGATTTTCC 
Ds 3’-1   CGATTACCGTATTTATCCCGTTCG 
Ds 3’-2   CCGGTATATCCCGTTTTCG 
Ds 3’-3   GAAATTGAAAACGGTAGAGGT 
AD1     NTCGASTWTSGWGTT 
AD2     NGTCGASWGANAWGAA 
AD3    WGTGNAGNANCANAGA 
AD4     NGTASASWGTNAWCAA 
AD5    WCAGNTGWTNGTNCTG  
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AD6     STTGNTASTNCTNTGC 
AD7    NTCGASWCANCATSGA  
AD8    NGASATNCSATSWAGA 
AD9    TGTGTSWSWSWSWGAC 
(For AD primers, N could be A, T, G or a C; S is either A or T; W is either G or C) 
At2g30810 outer forward TGTGAGCACAATGGAGTTTACTGC 
At2g30810 forward  ATCGTCTCCATTGATTTGCATTCT 
At2g30810 reverse  TCCTGTGAGATGTCGCCGAACA 
At2g30810 outer reverse TCAGAGCTGCATTATTATCAGACCTG 
At2g30830 outer forward TAGCGTGAGCACTGGTGAAGTGT 
At2g30830 forward  ATCGATGTTGGAGGTGGCGTGT 
At2g30830 reverse  ATTCGCTTGGAGTACTCCAACATGA 
At2g30830 outer reverse AGCTATATCACATCTGCGACATTCAGT 
At2g30840 outer forward ATGTCTATTGACGTAACAATAGTGGATTGA 
At2g30840 forward  ACTCAGATCCCACGTATCTTCCAT 
At2g30840 reverse  ACGCTCACAAACTGATCATTGGTCATA 
At2g30840 outer reverse ATGGCGATAACTCGTGTTCGACA 
At2g30860 outer forward TCATCGGTTGACCAGATATTACGACGT 
At2g30860 forward  ATGGTGCTAAAGGTGTACGGACCTCA 
At2g30860 reverse  CATGACTGATGCGAACATTATGTGA 
At2g30860 outer reverse ACGTGATCGAATGAGCCCTCTTAT 
At2g30910 outer forward AGCTGGAACCAGCTCTTGTATTCTG 
At2g30910 forward  AGTCACATCTGTTGCTTGGCATCCT 
At2g30910 reverse  ACAGACAATCAGAGAGCACAGCAACAT 
At2g30910 outer reverse ACTCTGGAAGTTGCTTAGGACGAGGAC 
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At2g30940 outer forward ATTTGAGTAGTGGGCCTCACTTAGCT 
At2g30940 forward  ACGTTCATGGAGATCAAGAACGTGAC 
At2g30940 reverse  TGAAGCCATTCGTGCAAATCGC 
At2g30940 outer reverse AAGATAGAGCAAACTCTAGCAACCCTC 
At2g30790 outer forward AGCAGAACAGAAGTGAGATGCATGA 
At2g30790 forward  ATCACTGATTACGGTTCTCCTGAACA 
At2g30790 reverse  ACCTCTTGTCTCCTGCTTGAGCT 
At2g30790 outer reverse GCTGGATATGCTTCCATAATCCGTCAT 
At2g30770 outer forward TCGCGGGATAAAATCTAGTTTATCCA 
At2g30770 forward  ATGCAATGATCGAGAAGCTGGAGA 
At2g30770 reverse  CGAAGTTGTTGACGTTCCTCCGAT 
At2g30770 outer reverse CGATCATTGATCGAAGAGGCGAT 
At2g30750 outer forward TGCATCGTCGTTAACTATAGTAACAGA 
At2g30750 forward  AGTGTATGCATTCTCAATCTGCTCACG 
At2g30750 reverse  ACCTGCCTCTAAATGTTCTTGCACCACT 
At2g30750 outer reverse TCGTTAGTTCTCTTTGATGCTTGCA 
At2g30740 outer forward TGCCCATCTGTCTCCGTCTTCAT 
At2g30740 forward  ACTCGATGTTGCACCTGAAGCT 
At2g30740 reverse  ACCTGGCTGTGCTCCTTGAACT 
At2g30740 outer reverse TCTCATTGCATTTCCATCTTCCG 
At2g30730 outer forward TGAGCTAAGTGCTAATCACGCTACAGT 
At2g30730 forward  ACAATGGGATCATTGCACGATATTCT 
At2g30730 reverse  ACGAGCAGCATTATCAGGAGATTGAT 
At2g30730 outer reverse ATGGCAGCGGCATTACTTAACATCTA 
At2g30580 forward 1 ATCTGGAGATTCAGAGCTTCCTCGT 
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At2g30580 forward 2 TCGTCGACTCTTCTTCATCACTCTAT 
At2g30580 forward 3 AGCTGTCCAGTATGCGATATTGAC 
At2g30580 forward 4 AGCATGCACATATCACGTTGTGA 
At2g30580 reverse 1   TCCTACTCGAAGACTCGGGTCGTA 
At2g30580 reverse 2   AGCTTGCGCTCTCTACATGATCA 
At2g30580 reverse 3   ACTCTGAAATGGTAGTGGCGTCA 
LBb1 (LB SALK lines)  GCGTGGACCGCTTGCTGCAACT 
LP_GASA4    TACAGTTGGGACCGTTGGTCAGATCTA 
(SALK_042431) 
RP_GASA4    TTCCAGTTGTTGTAGCAGGAGCAA 
LP_GASA6     TGGACCAGGAAGTCTGAAATCAT 
(SALK_072904) 
RP_GASA6    AGAAATCTCAGCTTAAGCGAGCAAGA 
LP_040386    CTCAGCTTTCTACGGCCTTCAT 
RP_040386 (new)   AGCAGGAGCTGATCACCTTCA 
LP_058976    AGAGTATGCAGCTTTCATCGAGACT 
RP_058976 (new)   TACATCCCATTCGGATCAGGTA 
LP_086563    TACTGTTGACCTCTAGGCATGGTAT 
RP_086563    AGGCACTGATTGGTGAAGGGTCTT 
LB3  (LB SAIL lines)    TAGCATCTGAATTTCATAACCAATCTCGATACAC  
At1g06770 Forward    ATCTGATGTTATCTCGTACCCCATTATA 
(SAIL_739_C05) 
At1g06770 Reverse   TGTCGCAGATAGAGCAGCTTAAGCAT 
At2g31300 Forward   ATCGACGAAGAAGCAAACCTGTGAATC 
(SAIL_671_A06 and SAIL_1234_C08) 
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At2g31300 Reverse   TCTCCCAGTGGTCTTGAGACAATGA 




TARGETED TAGGING SYSTEM 
3.1 Introduction 
The biological functions of most of the ~29,000 genes in the Arabidopsis thaliana 
genome have not yet been established (The Arabidopsis genome initiative, 2000). While 
several large-scale reverse genetics resources for analysis of gene function are now 
publicly available from stock centers (such as the sequenced insertion lines from the 
SALK [Alonso et al., 2003, http://signal.salk.edu/cgi-bin/tdnaexpress], SAIL [Sessions et 
al., 2002, www.syngenta.com], and other collections), further insertional knock outs of all 
the smaller genes (e.g. the CLV3-like genes or micro RNA genes) must be generated and 
this requires an even larger number of lines (Krysan et al., 1999). A targeted disruption 
strategy for specific genes could avoid the need to generate large numbers of insertion 
lines. This chapter describes the development of one such novel approach for localized 
saturation mutagenesis in Arabidopsis thaliana.  
 
3.2 Design of the T-DNA vector 
We used the Ac/Ds, two-element system for tagging (McClintock, 1950). A 
schematic representation of the construct pYS11, used for transformation, is shown in 
Figure 6. In this construct, both Ac and Ds elements are placed on the same T-DNA, 
similar to the En/Spm transposase in cis system (Tissier et al., 1999). The Ac/Ds 
transposable element is a two-component system with autonomous Ac and non-
autonomous Ds components. The Ac element encodes a transposase that initiates 
transposition of Ds and Ac to new sites and can function when produced in trans. In this 





Figure 6: Design of the T-DNA vector: A schematic representation of the T-DNA vector 
harboring the plasmid pYS11 used for transforming wild-type Arabidopsis thaliana WS 
(O). LB, Left border sequence of T-DNA, pHS, heat-shock promoter from Glycine max, 
Ac, Activator element; Ds, Dissociation element; GT, gene trap; StrepR, streptomycin 
resistance gene; A, triple splice acceptor; I, Arabidopsis intron; GUS, β-glucoronidase 
gene; KanR, Kanamycin resistance gene; 35S, 35S CaMV promoter; and RB, Right border 












max, Gmhsp 17.3B, which allows the transposase gene to be expressed only when the 
plants are subjected to high temperatures (Baumann et al., 1987).  
The heat shock promoter has been shown earlier to be active in developing 
embryos and to have a good potential for transposon tagging (Balcells et al., 1994). The 
Ds element used in our study is a gene trap element containing a β-glucoronidase reporter 
gene, which can be histochemically stained for GUS activity, and a NPTII gene that 
confers resistance to the antibiotic kanamycin described before (Sundaresan et al., 1995). 
The whole Ds element is inserted in a streptomycin gene driven by 35S promoter. The 
GUS protein is quite stable and retains activity when it is fused to other proteins (Jefferson 
et al., 1987). Kanamycin serves as a reinsertion marker whereas streptomycin serves as an 
excision marker of Ds from the original donor site when the plants are subjected to heat-
shock treatment.  
 
3.3 Generation of Starter Lines 
It has been reported previously that there is a higher probability of obtaining single 
copy T-DNA insertions when root transformation is the chosen method of transformation 
(Grevelding et al., 1993). A total of 107 independent starter lines (SL) were generated 
employing root transformations, which were further characterized for determining the 
copy number of the T-DNA inserted into the plants. The pYS11 construct was introduced 
into wild-type Arabidopsis thaliana ecotype WS (O), following a protocol of root 
transformation (Valvekens et al., 1988) with incorporation of minor modifications as 






3.4 DNA gel blot hybridization 
As described previously in Materials and Methods, Southern blot analysis 
(Sambrook et al., 1989) was performed in order to determine the T-DNA copy number 
integrated in the starter lines. Single copy insertions results in 2 bands, an internal positive 
control of 1.8 kb from the LB of the T-DNA and a band of variable size depending on 
where the next EcoR1 site was present in the genome. A representative southern blot can 
be referred to in Figure 7.  
40 starter lines were identified to be single copy lines based on the southern 
blotting results. These starter lines were double-checked to be single copy if they 
segregated as 3:1 for the kanamycin resistance gene when grown on MS medium 
supplemented with kanamycin. Table 1 lists the 40 independent starter lines. 
 
3.5 Distribution of starter lines  
Thermal asymmetric interlaced PCR (TAIL-PCR) with minor modifications was 
performed on 40 independent insertion lines that were identified to be containing single 
copy of the T-DNA (Liu et al., 1995), utilizing AD and T-DNA end primers. The PCR 
program and the sequence of primers used have been described in material and methods. 
The flanking sequences obtained were subjected to BLAST searches of the National 
Center for Biotechnology information (NCBI) and the genomic sequences obtained were 
placed in the sequence viewer of the TAIR website (www.arabidopsis.org) to identify the 
exact location of T-DNA insertion site. The distributions of these starter lines are depicted 
in Figure 8. 
 The designed gene-specific forward and reverse primers in combination with T-
DNA end primers were used to determine and confirm the insertion sites. Figure 9 can be 




Figure 7: A representative Southern blot performed on the starter lines for determination 
of copy number: A 2.2 kb pYS11 EcoR1 fragment was used as a probe. M indicates 
Stratagene marker; P denotes 100 fold diluted plasmid DNA serving as an internal control. 
1-12 lanes are DNA from 12 independent starter lines. In this blot, starter lines in lane 1, 2 
6, 9, 10, 11 and 12 are single copy lines. The internal control, a fragment of 1.8 kb has 
been indicated on left of the blot. 
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 Table 1: List of 40 independent single copy starter lines.  
 
SL 11 (4) 
SL 26 (3) 
SL 37 (1) 
SL 40 (1) 
SL 44 (5) 
SL 45 (1) 
SL 48 (3) 
SL 49 (3) 
SL 58 (1) 
SL 59 (1) 
SL 60 (1)  
SL 61 (4) 
SL 62 (1) 
SL 69 (1) 
SL 71 (5) 
SL 72 (3) 
SL 73 (4) 
SL 74 (5) 
SL 77 (5) 
SL 86 (3) 
SL 101 (5) 
SL 112 (5) 
SL 122 (1) 
SL 124 (1) 
SL 132 (2) 
SL 134 (1) 
SL 135 (4) 
SL 136 (5) 
SL 137 (3) 
SL 138 (1) 
SL 143 (3) 
SL 145 (5) 
SL 147 (5)  
SL 148 (5) 
SL 151 (1) 
SL 152 (2) 
SL 153 (3) 
SL 156 (4) 
SL 162 (1) 
SL 165 (4) 
 
Table 1: List of 40 independent starter lines. The numbers in parenthesis indicates the 








Figure 8: Distribution of 40 mapped SL’s: A schematic representation of the distribution 
of T-DNA loci for 40 independent starter lines on the 5 chromosomes of Arabidopsis. 
Flanking sequences obtained from TAIL-PCR were subjected to BLAST searches and the 
sequences obtained were used to assign genomic locations to the starter lines. SL = Starter 
Line; the gene identified by At number in parenthesis indicates that the T-DNA is inserted 








Figure 9: Strategy for designing primers: The position and orientation of the primers with 
respect to the starter T-DNA insertion site for verification by PCR. This figure represents 
a hypothetical example where the T-DNA is inserted within a gene. This figure only 
represents an example explaining the strategy and not intended to indicate that all 
insertions were within the coding region of genes. 
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provides flanking sequence information for the 40 single copy starter lines obtained from 
TAIL-PCR.  
 
3.6 Experimental heat-shock treatment 
Seventeen starter lines each containing a single copy of the transgene were chosen 
to check the efficacy of the system, particularly the activation of the Ds element by heat 
shock treatment. Homozygous plants for these lines were subjected to heat shock 
treatment for induction of transposase and initiating mutagenesis. Subjecting the plants to 
heat shock treatment during reproductive growth leads to efficient transposon excision in 
the developing embryos (Balcells et al., 1994). The protocol reported previously was 
followed and flowering plants were subjected to heat shock treatment as described in 
Materials and Methods, sub-section 2.8 (Figure 10A).  The plants could easily tolerate this 
periodic high temperature treatment and each heat shocked plant gave rise to ~10-15,000 
HS1 seeds. 
Seeds were collected from heat-shocked plants (HS1 seeds) and germinated on MS 
medium containing kanamycin and streptomycin. After 2-3 weeks post-germination on 
antibiotic containing medium, the control plants grown under normal conditions gave rise 
to only sensitive seedlings, indicating that the Ds elements were stable under non-
inductive conditions, whereas up to 80% of variegated seedlings with green sectors were 
observed from the seeds of the heat-shocked plants.  As described previously (Balcells et 
al., 1994), these sectors are derived from independent excision events occurring in the 
embryos during heat-shock, and clonally propagated in the developing seedlings.  Very 







Figure 10A: Heat shock treatment: Heat shock conditions, which the plants were 
subjected to included heat-shocking them under high humidity for 1 hour at 400 C 
followed by a rest period of 1 hour at 220 C. It was repeated 4 times a day for 3 weeks till 
the plants start to senesce and turned yellow. 
 
Figure 10B: Somatic and Germinal excisions: HS1 seeds derived from heat shocked 
plants when germinated on medium containing streptomycin have green sectors conferring 
streptomycin resistance and indicative of somatic excision events. HS2 plants, derived 
from selfed HS1 plants when grown on streptomycin containing medium are completely 
green indicative of germ line excision events.  
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the transposition events occurring predominantly during the post-zygotic stages of embryo 
development.  
When HS1 plants are allowed to self-fertilize without further heat shock treatment, 
the resulting generation termed “HS2” showed a high percentage of germinal excisions 
indicated by the occurrence of completely green seedlings when germinated on kanamycin 
and streptomycin containing MS medium (Figure 10B). Germinal excisions are defined 
here as excisions that are transmitted through the male or female gametes, so that the 
progeny are complete revertants. HS2 seedlings are either completely green (resistant) or 
white (sensitive) and never variegated, showing that variegation is not an ongoing process 
but occurs only in the embryos of the heat-shocked plants. Conversely, mostly variegated 
seedlings were observed in the HS1 generation, and the relatively rare cases mentioned 
above where completely green seedlings were observed in the HS1 generation might be 
due to Ds excision events occurring during the gametophytic or zygotic stages.  
From observations of sectored seedlings on streptomycin plates, a wide spectrum 
of frequencies of somatic excision were observed amongst HS1 seedlings (7% to 86%, 
Table 2).  It was observed that starter lines that showed an apparently low somatic 
excision frequency, when grown on streptomycin selection in the HS1 generation were 
nonetheless capable of yielding a reasonable frequency of germinal transposition in the 
HS2 generation as was observed for SL 44-1 (data not shown). 
 
3.7 Strategy for Pool-PCR screening 
A single starter line, SL 152.2, was chosen for exhaustive heat shock mutagenesis 
and reverse genetic screening to identify insertions in the surrounding genes and further 
experimental analysis by pool - polymerase chain reactions (PCR). The selected starter 
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Table 2: Somatic excision frequency for 15 starter lines, which were heat-shocked. 
a, Starter Line, b, Number of HS1 seeds sown on kanamycin and streptomycin 
containing media, c, Somatic excision frequency calculated by dividing the 
number of seedlings with green sectors by the total number of seedlings that 
germinated. The experiment was repeated 4 times and the average values are 
listed.  
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line has the T-DNA inserted in the first exon of the gene At2g30800 that lies towards the 
end of the long arm of chromosome 2. The T-DNA insertion site is shown in Figure 11. 
The gene encodes for a DEIH-BOX RNA/DNA helicase and has no visible phenotype 
resulting from the T-DNA insertion. 12 neighboring genes that were targeted for detecting 
insertions are described in Table 3 and in more detail in Chapter 4. A total of 1100 HS2 
families were used to generate insertion lines by germination on media containing 
kanamycin and streptomycin, out of which 953 families gave rise to one or more 
completely dark green double resistant seedlings. These numbers are indicative of germ 
line transposition events of as high as 86.6%. 
Tissue material was collected from 953 families in sub-pools that were later added 
to constitute master-pools. A sub-pool containing tissue samples from five independent 
HS2 families and ten such sub-pools were combined to create one master-pool.  
Table 4 displays the pooling strategy. Therefore, for 953 HS2 families, 19 master-
pools were generated and PCR was performed on these master-pools. Four gene-specific 
primers (outer forward, forward, reverse and outer reverse) were designed for each 
targeted gene in such a way that they roughly covered the entire gene including the 5’ and 
3’untranslated regions, with the exception of one gene, At2g30580 (a putative C3HC4 
zinc finger protein), which was relatively large and required seven primers for a complete 
coverage. These primers, in combination with Ds-end specific primers were used to 
identify insertions in the genes flanking the original site of T-DNA insertion site. The 
position of primers with respect to the gene is illustrated in Figure 12. 
 
3.8 Number of insertions obtained per gene 
A region of 50 kb was examined for knockouts for targeted genes on either side of 






             pYS11 
LB     RB 
 
 
gttttmaggagtacagcgcag   ATAGCATTTTGCTAATCAGAGGATGA 




Figure 11: Insertion site of pYS11 in SL152.2: The insertion site of pYS11 harboring the 
Ac and Ds element in SL 152.2 identified by performing TAIL-PCR utilizing T-DNA end 
primers in combination with arbitrary degenerate (AD) primers. The arrow indicates the 
exact T-DNA insertion site. The highlighted sequence on the left of the arrow is the LB 
sequence of the T-DNA whereas the sequence information on the right of the arrow is the 




Table 3: Details of the genes selected as targets. 
 
a, AGI gene locus, b, distance from the original site of T-DNA integration, c, 
size of the AGI genomic locus sequence according to annotations by the TAIR 
database. 
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Table 4: Pooling Strategy for creation of sub-pools and master-pools: Five HS2 families represented by small boxes constitute a sub-pool  
indicated by a box with red numerals. Ten such sub-pools were combined together for creation of master-pools.  
 
Master Pool 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 18 19 20 21 22 23 24 25 26 27 
1 2 3 4 5 
28 29 30 31 32 33 34 35 36 37 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 
6 7 8 9 10 
 
Master Pool 2 
54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 71 72 73 74 75 76 78 80 81 82 
11 12 13 14 15 
83 84 85 86 88 90 91 92 93 94 95 97 99 100 101 102 103 104 105 106 107 109 110 111 112 
16 17 18 19 20 
 
Master Pool 3 
113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 130 132 134 135 136 138 139 141 142 
21 22 23 24 25 
143 144 145 146 147 148 149 152 154 155 156 157 158 160 161 162 164 165 166 167 168 169 170 171 172 
26 27 28 29 30 
 
Master Pool 4 
173 174 176 177 178 179 180 181 182 183 184 187 188 189 190 191 192 193 194 195 196 198 199 200 201 
31 32 33 34 35 
202 203 204 206 207 208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 227 229 
36 37 38 39 40 
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Master Pool 5 
230 231 232 234 235 236 237 238 239 242 243 244 246 247 248 249 251 252 253 254 255 256 257 258 259 
41 42 43 44 45 
261 263 264 267 269 271 272 273 276 277 278 279 281 282 283 284 285 286 287 290 291 292 293 294 295 
46 47 48 49 50 
 
Master Pool 6 
296 297 298 299 300 301 302 304 305 306 307 308 309 310 311 312 313 314 315 316 319 320 322 323 325 
51 52 53 54 55 
326 327 328 330 331 333 334 335 336 337 338 339 341 342 346 347 350 351 352 353 354 356 357 358 360 
56 57 58 59 60 
 
Master Pool 7 
361 362 363 364 365 366 367 368 369 370 371 372 373 374 375 377 378 379 380 382 383 384 385 386 387 
61 62 63 64 65 
388 389 390 391 392 393 394 395 398 400 401 403 404 405 406 408 409 410 411 412 413 414 416 418 420 
66 67 68 69 70 
 
Master Pool 8 
421 422 423 426 427 428 429 430 431 432 433 434 435 436 437 438 439 441 442 443 444 445 446 448 449 
71 72 73 74 75 
450 451 453 454 455 456 457 458 460 461 462 463 466 467 471 473 474 475 477 478 479 482 483 484 485 
76 77 78 79 80 
 
Master Pool 9 
486 487 488 489 490 491 492 495 496 497 498 499 500 501 502 503 504 505 506 507 508 509 510 511 512 
81 82 83 84 85 
513 514 515 517 518 519 521 522 524 525 526 527 528 529 530 531 533 534 535 536 537 538 539 540 542 
86 87 88 89 90 
  50 
Master Pool 10 
543 544 545 546 547 548 549 550 551 552 553 554 555 556 557 558 559 560 561 562 563 564 565 566 567 
91 92 93 94 95 
568 569 571 572 573 574 575 576 578 579 580 581 582 583 584 585 586 587 588 590 591 592 593 594 595 
96 97 98 99 100 
 
Master Pool 11 
596 598 599 600 601 604 605 606 607 608 609 610 611 612 613 614 615 617 618 620 621 622 623 624 625 
101 102 103 104 105 
626 627 628 629 630 631 632 633 634 635 636 637 638 639 640 642 643 644 645 646 647 648 649 650 651 
106 107 108 109 110 
Master Pool 12 
652 653 654 655 656 657 658 659 660 661 663 664 665 666 667 669 670 671 673 674 675 676 677 678 679 
111 112 113 114 115 
681 682 684 685 686 687 688 689 690 692 693 695 696 698 699 700 701 702 703 704 705 706 707 708 709 
116 117 118 119 120 
 
Master Pool 13 
710 711 712 713 714 715 717 718 719 720 722 723 724 725 726 727 728 729 731 732 733 734 735 736 737 
121 122 123 124 125 
738 739 740 741 742 743 744 745 746 747 748 749 750 751 752 753 755 756 757 758 759 760 761 762 764 
126 127 128 129 130 
 
Master Pool 14 
765 766 767 768 769 770 771 772 773 774 775 776 777 778 779 780 782 783 784 785 786 787 788 789 790 
131 132 133 134 135 
791 792 793 794 795 796 799 800 802 803 804 805 806 807 808 810 812 813 814 815 816 817 818 819 821 
136 137 138 139 140 
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Master Pool 15 
822 823 824 825 826 827 828 830 831 832 833 834 835 836 837 838 839 841 842 843 844 846 847 848 849 
141 142 143 144 145 
850 851 852 853 854 855 856 857 858 859 860 862 863 864 865 866 867 868 869 870 871 872 875 877 878 
146 147 148 149 150 
 
Master Pool 16 
879 880 883 884 885 886 887 888 889 890 891 892 893 894 896 897 898 899 900 901 902 903 904 905 906 
151 152 153 154 155 
907 908 910 911 912 913 914 915 916 917 918 920 921 922 923 924 925 927 928 929 930 931 932 933 934 
156 157 158 159 160 
 
Master Pool 17 
935 937 938 939 940 941 942 943 944 945 946 947 948 949 950 951 952 953 954 955 956 958 959 960 963 
161 162 163 164 165 
964 965 966 968 969 970 971 972 973 974 975 976 977 978 979 980 981 982 983 986 987 988 989 990 991 
166 167 168 169 170 
 
Master Pool 18 
992 993 994 995 996 997 998 999 1000 1002 1003 1004 1005 1006 1007 1008 1009 1010 1011 1012 
171 172 173 174 
1013 1014 1015 1017 1018 1019 1020 1022 1023 1024 1025 1026 1027 1028 1029 1030 1031 1032 1033 1034 
175 176 177 178 
1035 1036 1037 1038 1039 1041 1042 1043 1044 1045 
179 180 
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Master Pool 19 
1046 1048 1050 1051 1052 1053 1054 1055 1056 1057 1058 1059 1060 1061 1062 1063 1064 1065 1066 1067 
181 182 183 184 
1068 1069 1070 1071 1072 1073 1074 1075 1076 1077 1078 1079 1080 1081 1082 1083 1084 1085 1086 1087 
185 186 187 188 
1088 1089 1090 1091 1092 1093 1094 1095 1096 1097 1098 1099 1100 











Figure 12: A diagrammatic representation of location and orientation of gene-specific and 
Ds end specific primers to identify knockouts in the HS2 population: The numbers listed 
below are the primer combinations used to identify hits in targeted genes by performing 
PCR. ATG, translation start site; of., outer forward primer; for., forward primer; or., outer 
reverse primer; rev., reverse primer; Ds, Dissociation transposable element; 5’, Ds 5’ end 
and 3’, Ds 3’ end. 
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chosen for designing primers to detect Ds insertions. As noted earlier, Ac-Ds transposons 
preferentially jump to linked sites. However the size of gene also determines the 
probability of identifying hits in that gene, i.e. the larger the gene size, the higher is the 
probability of obtaining knockouts. A schematic representation shown in Figure 13 can be 
referred to for the number of hits detected in each gene as a function of increasing distance 
from the original site of T-DNA integration. A total of 53 independent insertions were 
obtained for 11 of the 12 genes that were examined within this region. PCR was 
performed on master-pools followed by verification in the corresponding sub-pools. Plant 
families from the positive sub-pools were grown and tissue-PCR performed in the HS3 
generation (Klimyuk et al., 1993).  
Insertions were identified by fractionating the PCR products on a 1.5% agarose 
gel. A representative PCR gel run is show in Figure 14. Multiple insertions obtained 
within the same gene were inferred to be independent based both on independence of 
descent (i.e., originating from different master-pools, or if from the same master-pool, 
then from different sub-pools) and fragment sizes (different PCR product sizes). 
 
3.9 Hot spots of Ds insertion within a gene 
Within a relatively small population of 953 insertion lines, insertions in 11 out of 
12 genes that were tested for identifying targeted knockouts were identified. 28 out of the 
53 insertions identified are around the 5’ end of the genes, i.e. insertions within the first 
exon including within the 5’ untranslated region. This bias for insertion at the 5’ ends of 
the genes corroborates with previously published results from our lab (Parinov et al., 











Figure 13: Ds insertion distribution: Ds insertion distribution for 12 genes within a 50 kb 
distance on both sides of the original site of T-DNA integration from 953 families for 
which primers were designed and PCR performed. Each arrowhead represents an 
independent insertion in each of these genes. The sizes of the genes are not to scale and 
only an approximate. Ds, Dissociation element, the black box with a triangle in the middle 












Figure 14: A gel picture representing PCR products from pool PCR: PCR fragments 
obtained from master pools and run on a 1.5% agarose gel. The top and bottom panels are 
products from reciprocal primer combination. DNA fragments of expected sizes within the 
same master-pool indicate a positive insertion. In this particular example, MP1 and MP9 














3.10 GUS expression 
The Ds element contains a GUS (β-glucoronidase) reporter gene that acts as a gene 
trap (Sundaresan et al., 1995). A GUS-staining screen was set up for the Ds insertion lines 
at three different stages of plant development to identify patterns of gene expressions 
(Materials and Methods, sub-section 2.10). Out of the 53 gene disruptions identified, the 
GUS gene was inserted in the sense orientation as the gene for 22 lines, out of which 9 
lines displayed GUS activity. Staining patterns were also observed in 11 lines where the 
GUS gene was inserted in the anti-sense orientation to the direction of transcription. 
Therefore a total of 20 out of 53 lines identified (37%), displayed GUS activity at different 
stages of plant development. These numbers are comparable to our previously published 
findings where ~25% of the total gene trap lines displayed GUS activity (Sundaresan et 
al., 1995). The disparity in numbers may be due to the relatively small number of insertion 
lines used in this study.  
GUS staining patterns were also observed in several cases where the Ds containing 
the β-glucoronidase gene was in the anti-sense orientation with respect to the gene, 
suggesting that the gene trap element can sometimes also act as a promoter trap or an 
enhancer trap consistent with other unpublished observations from our and other 
laboratories (Sundaresan et al., 1995; Liljegren et al., 2004). Representative GUS staining 
results for independent insertions in four genes are shown in Figure 15. 
 
3.11 Chapter Discussion 
In this chapter, development of a new strategy for insertional mutagenesis in 
Arabidopsis has been described, an approach with potential for use in other plant systems. 
In this method, both Ac transposase and the non-autonomous element, Ds-GT (gene trap) 








Figure 15: GUS expression patterns for 4 independent representative insertion lines: A: 
L267- Insertion in At2g30740, GUS expression observed in the entire seedling at 19 days 
post germination; B: L491- Insertion in At2g30790 in the anti-sense orientation. GUS is 
expressed in the vasculature of the cotyledons and leaves; C-1: L479- Insertion in 
At2g30830, GUS expression in the apex of newly emerging leaves; C-2: GUS activity is 
diffused throughout the gynoecium; C-3 and C-4: GUS staining becomes restricted at the 
valve margins after fertilization and remains like that till the silique matures and dehisces; 
C-5: Magnification of box from Fig C-4 shows visible localization of GUS stain at the 
apex of valves; D-1 and D-2: L360- Insertion in At2g30810 in the anti-sense orientation, 
GUS staining is observed in the placenta of the silique; D-3: A mature silique just before 
dehiscence showing GUS expression in the placenta. Different stages of carpel 







shock promoter. This circumvents the need for time consuming and labor-intensive 
crosses that are required for initiating mutagenesis, and the necessary subsequent 
segregation of the transposase source, which have been employed in previous schemes for 
general as well as targeted transposon mutagenesis using Ac-Ds (Sundaresan et al., 1995; 
Zhang et al., 2003). 
In this inducible system, the levels of transposase can be regulated by heat-shock. 
One heat-shocked plant has the potential of producing 10,000 to 15,000 HS1 seeds, from 
which ~10,000 independent transpositions could be recovered in the HS2 generation 
assuming an efficiency of ~80% that was observed in this study.  Therefore heat-shock of 
a single flat of 30 plants can easily generate ~200,000 independent transpositions, which 
should be sufficient to saturate a genomic region of 1-2 Mb.  In this study, 40 single copy 
starter lines were generated, which could be used for saturation coverage of localized 
genomic regions totaling 40 to 80 Mb, although several of these regions are overlapping 
due to the uneven distribution of the starter T-DNAs.  
The number of insertions identified per gene not only depends on the distance from 
the original site of T-DNA integration but also on the size of the gene. At2g30810, a 
gibberellin regulated gene, related to the GASA gene family is a good example of a small 
gene of 829 base pairs only which is linked to the original site of T-DNA integration. A 
single insertion has been identified in this gene for which there is currently no “knockout” 
available in larger databases like SALK and SAIL databases. This system therefore 
provides a useful approach for inactivating small genes, which might include small genes 
coding for peptide ligands or micro RNAs, using a starter T-DNA close to the gene of 
interest.  
Further, the system is convenient for establishing whether a specific mutant 
phenotype is caused by an insertion.  Because the hsp-Ac transposase fusion is linked to 
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the SPT (streptomycin phosphotransferase) gene and therefore present in all the insertion 
lines, further heat shock of the plants can be used to re-mobilize the non-autonomous Ds 
insertion in order to generate revertants, and also to generate double knockouts of 
tandemly duplicated genes (Tantikanjana et al., 2004). 
The Ac-Ds family of transposable elements has been shown to be active in other 
heterologous systems besides Arabidopsis. Therefore this system of inducible gene 
tagging could be useful for plant systems for which transformation is not routine, since 
coverage of the whole genome can be achieved through a relatively small number of 




ANALYSIS OF THE SATURATED REGION OF CHROMOSOME 2 
 
4.1 Introduction 
Successful saturation of a region of chromosome 2 with Ds insertions was achieved 
(genomic locations 13100222-13177264) using a novel method of gene tagging described in 
the previous chapter. The twelve genes selected as targets, their sizes and distances from the 
starter T-DNA position have been described in Table 3 on page 47. Multiple hits were 
identified in most of the targeted genes. Since the Ds element used is a gene trap element 
(Sundaresan, 1995), a three-stage GUS staining was performed. Interesting GUS expression 
patterns were observed for several insertion lines. There were examples where similar 
staining patterns were observed for multiple knockouts for the same gene inserted in both 
the sense and anti-sense orientations as described later under sub-section 4.4.4. This chapter 
describes the targeted genes in details and provides data obtained from bioinformatics 
studies. When combined with expression data these studies may provide useful insights into 
possible gene functions, which is the ultimate goal of this study. Mutant phenotypes were 
also analyzed for 53 insertions.  
 
4.2 Genes selected as target genes 
Twelve genes that encode known proteins and not labeled as "hypothetical" or 
"putative genes", according to annotations provided by the TAIR database within a 50 kb 
window on either side of the starter T-DNA in SL 152.2 were selected as "potential target 
genes". These candidate genes were: At2g30810, At2g30790, At2g30830, At2g30840, 






At2g30810 is a gibberellin-regulated, cysteine rich protein of 103 amino acids 
similar to GASA5 from GAST1-gibberellin stimulated transcript originally identified in 
Lycopersicon esculentum. This gene is placed 2 kb away from the starter T-DNA. The 
GASA gene family of Arabidopsis comprises 12 members (based on protein sequence 
analysis; this study). All the corresponding polypeptides display the following common 
structural features: a putative signal peptide of 18-23 residues; a highly divergent 
hydrophilic region of about 22 amino acids; and a conservative 60 amino acid C-terminal 
domain containing 12 cysteine residues. The 12-cysteines give the potential for these 
proteins to possess 6 disulphide bonds. The amino acid alignment of the twelve members is 
shown in Figure 16.  
Previous studies showed that GASA1, 2, 3 and 4 are expressed in various parts of the 
plant during different developmental stages (based on northern blotting results, Hergoz et 
al., 1995,). These complex patterns of expression suggest that these related polypeptides are 
involved in the regulation of key development processes (Herzog et al., 1995). 
At least one of the GASA genes examined, GASA4, was shown to be upregulated in 
GA-deficient mutant ga5, after treatment with exogenous GA3 (Aubert et al., 1998).  
Expression of an ortholog in Gerbera hybrida, GEG (for Gerbera hybrida homolog 
of gibberellin [GA]- stimulated transcript 1 [GAST 1]) was detected in corollas and carpels, 
with gene expression spatiotemporally coinciding with flower opening (Kotilainen et al., 
1999). This corroborates with findings in Arabidopsis (Hergoz et al., 1995), indicating that 





Figure 16: Alignment of Arabidopsis GASA gene family members. Protein sequences were 
aligned with clustalx (Thompson et al., 1997). The 12 cysteines conserved at the C-terminal 






4.3.2 Number of insertions obtained 
One insertion was obtained, L360, from master-pool 6 for the targeted gene 
At2g30810. Based on PCR results utilizing gene-specific primers in combination with Ds 
end primers (Materials and Methods, sub-section 2.15), it was inferred that this insertion 
line has a Ds element inserted in the anti-sense orientation to the gene. The exact insertion 
site was verified by TAIL-PCR and is illustrated in Figure 17. The insertion line had no 
visible defect/s and resembled wild-type Arabidopsis. 
 
4.3.3 Phylogenetic analysis 
As described earlier in Materials and Methods, sub-section 2.14, the protein 
sequence of At2g30810 was obtained from the TAIR database 
(http://www.arabidopsis.org/tools/bulk/sequences/index.jsp) and subjected to BLAST 
searches at the TAIR website (http://www.arabidopsis.org/Blast/) and all the related family 
members with low e-values were identified. Protein sequences for these related members 
were also retrieved from the TAIR database. The domains present were identified by 
subjecting the protein sequence to NCBI-BLAST searches 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and are illustrated in Figure 18.  
The protein sequences were completely aligned using clustalx (Thompson et al., 
1997). Phylogenetic trees were constructed using the Bootstrap Neighbor-joining method of 
TreeViewPPC program. The tree was bootstrapped 1000 times. 
The phylogenetic tree for the GASA family members represented in Figure 19 is an 
unrooted radial tree radiating from a central point. Branches are scaled by their length (if 
tree has branch lengths) otherwise each branch has the same length. It could be speculated 
from the tree that the target gene-At2g30810, GASA4, 5 and 6 have diverged significantly 








Figure 17: Schematic representation of Ds-GT insertion in L360; an insertion for 
At2g30810 in anti-sense orientation to the gene. The insertion site is based on results 




Figure 18: Schematic illustration of domains identified in At2g30810. The GASA domain 
stretches from amino acids 20-99. The light blue region indicates masked out regions that 






Figure 19: Phylogenetic tree for the Arabidopsis GASA gene family members. Protein 
sequences were aligned with clustalx (Thompson et al., 1997).  
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4.3.4 GUS expression 
Since the Ds element is a gene trap element, a GUS staining assay was performed at 
three different stages of plant development; 11 and 19 days post germination and the 
inflorescence stage for GUS activity. There was no GUS staining observed at vegetative 
stages. In the inflorescence, weak staining was observed in the placenta from stage 12-13 of 
flower development onwards with the staining pattern maintained until the plants senesced 
(Flower stages according to Smyth et al., 1990). Based on PCR results, it was inferred that 
the Ds containing the β-glucoronidase gene was in the anti-sense orientation with respect to 
the gene, suggesting that the gene trap element may be behaving either as a promoter trap or 
an enhancer trap, consistent with other unpublished observations from our and other 
laboratories. The presence of GUS activity in the placenta suggests that the gene may be 
predominantly expressed there and performing a yet to be determined function. The GUS 
staining patterns at different stages of silique development have been shown in Figure 20. 
 
4.3.5 Changes in GUS expression after fertilization and GA3 treatment 
As mentioned previously, GUS expression was first observed in the carpels 
immediately after or coincident with fertilization. In order to determine whether the gene 
expression was switched on after the onset of fertilization, stage 10 inflorescences were 
emasculated and treated with GA3 for 3-5 days followed by staining for GUS activity to 
observe any differences in GUS expression or intensity of staining patterns. No changes in 
GUS expression patterns or intensity were observed. 
Studies done on other GASA members have indicated expression of GASA4 to be 
up regulated by application of plant hormone GA3 (Aubert et al., 1998). To determine if that 







Figure 20: GUS staining for L360; an insertion in At2g30810. A, GUS staining is observed 
in the transmitting tract and placenta of the ovary; B, GUS activity in the placenta of the 
carpel at a later stage of development than A; C, A mature silique displays maintenance of 










lines were treated with exogenous application of plant hormone GA3 followed by staining 
for GUS activity. Untreated siliques from homozygous insertion lines were also stained for 
GUS activity serving as negative controls. No significant changes were observed in GUS 
expression patterns between gibberellin treated and untreated siliques. 
 
4.3.6 Analysis of double and triple mutants 
 
Since loss-of-function of At2g30810 didn't result in any obvious change in 
phenotype, double and triple mutants were constructed and analyzed. The likely redundant 
candidates were identified from the phylogenetic analysis (shown in Figure 19).  
 
4.3.6.1 Knockouts for likely redundant partners 
 
Based on the unrooted-radial tree, 3 likely redundant partners were identified which 
were At1g74670 (GASA6), At5g15230 (GASA4) and At3g02885 (GASA5). SALK, SAIL 
and Sundaresan databases were checked for availability of knockouts for these likely 
redundant candidates. Insertions were identified for two out of the three candidates, GASA4 
and GASA6 at the SALK database. Insertions in At1g74670 (SALK_072904) and 
At5g15230 (SALK_042431) were requested from the SALK database.  
 
4.3.6.2 Verification of knockouts  
Seed stocks for the likely redundant candidate genes GASA4 and GASA6 were 
germinated directly on soil. Tissue-PCR was performed to identify plants that carried the 
insertion and those that were homozygous for the insertion. These insertion lines displayed 
no phenotypic abnormality resulting from the T-DNA insertion. Homozygous insertion lines 
for GASA4 and GASA6 were crossed to homozygous L360 that is an insertion for the target 
gene At2g30810. Reciprocal crosses were done i.e. the target gene was used both as male 
and female parents for the crosses. F1 plants were allowed to self-fertilize and the F2 
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progeny were examined for any phenotypic defects. Plants homozygous for both the genes 
were identified by PCR. No visible phenotypic defects were observed in the F2 population 
for either of the crosses and therefore triple mutants were constructed. F2 plants 
homozygous both for L360 and GASA4 were crossed to homozygous insertions for 
GASA6. The F1 seeds were germinated and F2 plants from the cross were observed for any 
phenotypic defects. There were no abnormalities detected for homozygous L360 gasa4 
gasa6 triple mutant. 
 
4.3.7 Histochemical analysis 
As described previously, GUS staining was observed specifically in the placenta 
from stage 12-13 onwards. Based on the GUS expression results, it is likely that the gene 
affects placenta development or is involved in a pathway that is regulating placenta 
development. To observe if there were any defects in the placenta, transverse and 
longitudinal sections were prepared to analyze the anatomy of the transmitting tract. Siliques 
at various stages of development (from stage 12 onwards) were used as samples for 
sectioning. Sections of approximately 10µm thickness were made, stained with toluidine 
blue O and observed under the microscope for any visible defects. No visible defects were 
observed. Representative transverse sections of L360 and WT are shown in Figure 21. 
 
4.3.8 Remobilization of the Ds element in L360  
 As mentioned previously, L360 was the only insertion obtained for the gene 
At2g30810 and it has the Ds element inserted in the anti-sense orientation relative to the 
transcription of the gene. The line stained for GUS activity in the placenta shortly after 








Figure 21: Transverse sections of wild-type Arabidopsis carpel compared to L360; a 
homozygous insertion line for At2g30810. The red arrows indicate the transmitting tract. 
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With the objective of verifying the expression pattern using an insertion that has the GUS in 
the sense orientation, homozygous L360 plants were re-subjected to heat shock treatment to 
remobilize the Ds element. HS1 and HS2 seeds were collected. Because of lack of time, the 
HS2 population could not be screened to identify lines that had a Ds element inserted in the 
sense orientation, though based on our results it is likely that the Ds element was reinserted 
in the gene in the sense orientation.  
 
4.3.9 Conclusions 
 At2g30810 is a small gene for which currently no “knockouts” are available 
in the larger databases that were checked. On insertion in an anti-sense orientation was 
obtained for the target gene At2g30810. The protein sequence contains GASA-like domains, 
which were originally identified in Lycopersicon esculentum. There are approximately 12 
GASA-like gene members in Arabidopsis and their sequence indicates the presence of 12 
conserved cysteines at the C- terminus of the protein capable of making 6 disulphide bonds. 
While it has been speculated that most of these proteins have some role in plant 
development, it is not yet clear what they might be.   
It has been reported previously that at least one of the GASA-like genes (GASA4) is 
up-regulated by exogenous GA3 treatment. However, data presented in this study indicates 
that At2g30810 is not up-regulated by GA3 treatment. Also, the gene expression seems to be 
independent of pollination and/or fertilization. From the histochemical data, obtained from 
the transverse sections of the carpel, it seems that the gene may not be directly responsible 




4.4 At2g30830 and At2g30840 
4.4.1 Introduction 
The two tandemly placed target genes At2g30830 and At2g30840 are putative 2-
oxoglutarate-dependent dioxygenases (2-ODD), similar to 2A6 and tomato ethylene 
synthesis regulatory protein E8 according to annotations provided by the TAIR database. 
This family contains members of the 2-oxoglutarate (2OG) and Fe (II)-dependent oxygenase 
super family domains as illustrated in Figure 22.  
Dioxygenases generally occur as soluble enzymes where they catalyze a diversity of 
oxygenation reactions in a large number of metabolic pathways in plants, animals and 
microorganisms. They catalyze reactions in which both atoms of molecular oxygen are 
incorporated into substrates. The dioxygenases acting upon two acceptor substrates where 
one of the two substrates is 2-oxoglutarate are known as 2-oxoglutarate dependent 
dioxygenases. In the hydroxylation reaction catalyzed by dioxygenases, one atom of 
molecular oxygen is incorporated into the substrate, while the other atom of oxygen is 
incorporated into 2-oxoglutarate resulting in the subsequent formation of succinate and 
release of carbon dioxide (De Carolis and De Luca, 1994). 
Ethylene is a plant hormone that promotes fruit ripening as well as leaf and flower 
senescence. The negative regulatory protein of ethylene synthesis in ripening tomato fruit, 
E8, is structurally related to the enzyme that catalyzes the last step in ethylene synthesis, 1-
aminocyclopropane-1-carboxylate (ACC) oxidase, and to 2-oxoglutarate-dependent 
dioxygenases (Trentmann and Kende, 1995).  
Both the targeted genes At2g30830 and At2g30840 contain the conserved 2-OG-
FeII_Oxygenase domains described above. The two target genes comprise 3 exons and 2 
introns each and encode proteins of 358 and 362 amino acids, respectively, with 72.1% 








Figure 22: A schematic representation of domains identified in the target genes At2g30830 
and At2g30840. The conserved 2-OG-FeII_Oxygenase domains stretch approximately from 



















Figure 23: Alignment of three related members of the Arabidopsis 2-ODD-gene family 
using clustalx multiple alignment tool. At2g30830 and At2g30840 proteins are 72.1% 
identical. The ruler under the alignment indicates degree of conservation; a flat plateau of 







4.4.2 Number of insertions obtained  
Ten insertions (L14, L30, L33, L220, L261, L479, L540, L608, L892 and L1004) 
and 6 insertions (L212, L227, L237, L259 L460 and L639) were identified for the targeted 
genes At2g30830 and At2g30840 respectively. The target genes At2g30830 and At2g30840 
are placed 7 and 10 kb away from the original site of T-DNA integration. Based on PCR 
results, 6 out of the 10 insertions in At2g30830 were in the sense orientation to the gene 
whereas 4 out of 6 insertions had Ds-GT element inserted in the sense orientation for the 
gene At2g30840. None of the insertions displayed any visible changes in phenotype. 
 
4.4.3 Phylogenetic analysis 
Phylogenetic analysis was done as described earlier in Materials and Methods, sub-
section 2.14. The protein sequence of At2g30830 and At2g30840 were obtained from the 
TAIR database (http://www.arabidopsis.org/tools/bulk/sequences/index.jsp), blasted  
The phylogenetic tree for the 2-ODD family members represented in Figures 24 and 
25 are unrooted radial trees radiating from a central point. Branches are scaled by their 
length (if tree has branch lengths), otherwise each branch has the same length. Bootstrap 
labels are set at the nodes. The resulting tree was copy pasted on Adobe Photoshop 10 and 
modified accordingly. Figure 24 is the tree comprising of all the members identified by 
BLAST searches whereas Figure 25 displays a magnified view of a part of Figure 25 that 
indicates the target genes At2g30830 and At2g30840. It is evident from the tree that the 
tandemly placed target genes are arranged together in a separate clade, all being or related to 







Figure 24: An unrooted phylogenetic tree for the Arabidopsis 2-ODD gene family 










Figure 25: Magnification of inbox from Figure 24 displaying the target gene paired up with 
its likely redundant partner marked by a red bracket. The 15 closely related 2-ODD genes 
have placed themselves in a separate clade. 
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4.4.4 GUS expression pattern 
For At2g30830, there was no GUS activity observed in the cotyledons or roots in 
seedlings at 11 days post germination. However, there was GUS activity at the serration 
points of leaf margins and apices of newly emerging leaves. In the cotyledons of 19-day old 
seedlings, there was no GUS activity. In the inflorescence, GUS activity is diffuse 
throughout the gynoecium shortly after fertilization (stage 13 onwards) and becomes 
restricted to the valve margins after fertilization and it persisted till the silique matured and 
dehisced.  
For the target gene At2g30840, GUS activity was observed in the elongation zone of 
the roots of 11-day old seedlings. There was no GUS activity in the siliques. Figures 26 and 
27 show the GUS staining patterns observed for insertions in At2g30830 and At2g30840 
respectively. 
For At2g30830, similar GUS expression patterns were observed in insertions, both 
in sense (L220, L261 and L479) and anti-sense (L30) orientation to the gene therefore 
suggesting that in these cases, the Ds-gene trap may be acting as an enhancer trap. 
  
4.4.5 Identification of likely redundant partners 
Multiple independent insertions in At2g30830 and At2g30840 did not reveal any 
visible phenotypes therefore double mutants were constructed. Since these genes are 
tandemly placed, it is difficult to generate a double mutant by conventional crossing method. 
Therefore in order to generate a double mutant, plants homozygous for one insertion were 
re-subjected to heat shock treatment as previously demonstrated for the double knock out of 
CYP79F1 and CYP79F2 (Tantikanjana et al., 2004). Due to shortage of time the HS2 







Figure 26: GUS staining patterns observed for L479; an insertion in the sense 
orientation in At2g30830. A, GUS staining at the serration points of leaf margins and apices 
of newly emerging leaves, but not in the cotyledons at 11 days post germination; B, GUS 
staining maintained at leaf apices and serration at 17 days post germination; C, GUS activity 
is diffuse throughout the gynoecium shortly after fertilization; D and E, GUS activity is 
restricted to the valve margins after fertilization and persists until the silique matures (stage 
18); F, The apex of the valve (boxed area in E) shows persistent GUS expression even at the 












Figure 27: GUS staining in L227, an insertion in the sense orientation in At2g30840 
displays GUS activity in the maturation zone of the roots (A) but not in lateral root 
primordium (B) at 11 days post germination. The arrows indicate the cotyledons, root and 
lateral root primordium. The cotyledons appear translucent in panel A because of clearing 


















From results obtained from the unrooted radial tree and sequence alignment it could 
be speculated that At2g25450 is closely related to the two target genes. So, it is likely that 
these genes may be involved in a common regulatory pathway. Also, it is interesting to note 
that At2g25450 was reported to be up regulated in a screen for SAG- Senescence associated 
genes along with 126 other candidates (Gepstein et al., 2003).  
It has been calculated from a large population of enhancer trap lines that about 10% 
of the total number of genes in Arabidopsis are specifically expressed during senescence 
(He et al., 2001), so the 127 reported SAGs reported (Gepstein et al., 2003) represent only a 
limited number. Our GUS staining results at least for the gene At2g30830, indicate the gene 
to be expressed in the dehiscence zone in mature siliques therefore supporting the 
speculation that these genes may play a pivotal role for cell-cell separation during abscission 
and senescence. 
 
4.4.6 Conclusions  
 Multiple insertions, in both the sense and anti-sense orientation relative to the gene 
were obtained for both the target genes, which are positioned tandemly on chromosome 2. 
GUS expression data suggest that at least one of the genes; At2g30830, is first expressed in 
serration points of leaf margins and apices of newly emerging leaves, and later in the 
inflorescence shortly after fertilization followed by restricted expression in the valve 
margins and persists in the region until the silique matures.  
 The valve margin cell layer is required for cell-cell separation during dehiscence and 
pod shatter. Combining this evidence with bioinformatics data presented before and reports 
from Gepstein et al (2003) which suggest another likely redundant candidate At2g25450 to 
be up regulated in a screen for Senescence Associated Genes, it can be speculated that this 
group of enzymes is probably required for cell-cell separation during dehiscence, a key 
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event for pod shatter followed by seed dispersal. Also, 2ODD’s have been reported to be a 





The targeted gene At2g30910 belongs to the transducin family/WD-40 repeat family 
protein containing 6 WD-40 repeats and is similar to the p41 subunit of the highly conserved 
ARP2/3 complex (Actin-related protein 2/3 complex). WD-40 repeats (also known as WD 
or beta-transducin repeats) are short ~40 amino acid motifs, often terminating in a Trp-Asp 
(W-D) dipeptide. The WD-containing proteins have 4 to 16 repeating units, all of which are 
thought to form a circularized beta-propeller structure. These proteins are a large family 
found in all eukaryotes and are implicated in a variety of functions ranging from signal 
transduction and transcription regulation to cell cycle control and apoptosis and cytoskeletal 
dynamics. The underlying common function to all WD-repeat proteins is coordinating 
multi-protein complex assemblies, where the repeating units serve as a rigid scaffold for 
protein interactions.  
Arabidopsis contains eight functional actin isoforms (Meagher et al., 2000 and 
numerous actin-interacting proteins exhibiting a high degree of genetic redundancy. From 
other organisms, it is known that ARP2 and ARP3 associate with five other subunits to 
produce an ARP2/3 complex that is a multifunctional modulator of the actin cytoskeleton. 
From direct experiments and bioinformatics analysis  (BLASTP), eight ARP genes have 
been identified in Arabidopsis. With the exception of ARPC1 (p41), all other subunits occur 
as single genes in Arabidopsis. Table 5 illustrates the different ARP2/3 subunits in 
Arabidopsis and their amino acid similarity to their counterparts in other organisms.  
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Table 5: ARP2/3 Complex subunits in Arabidopsis and their amino acid similarity to other 
organisms. Dd, Dictyostelium discoideum; Sp, Schizosaccharomyces pombe; Sc, 
Saccharomyces cerevisiae; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Hu, 
human; n.a., not applicable. The two rows highlighted in yellow are the duplicated pair 
(At2g30910 is the targeted gene). 
 
 
Subunit  Arabidopsis Gene                        % amino-acid identity/similarity 
  Locus 
 
 Dd    SP    Sc    Ce        Dm   Hu 
 
ARP2      At3g27000    63/80  53/73  57/73  60/79  61/80  62/80 
ARP3      At1g13180    59/75   55/72   53/66   56/73   57/71   59/74 
ARPC1p41     At2g30910    43/59  34/51   34/51   39/58   37/54   41/60 
ARPC1p41     At2g31300    43/58   34/51   34/51   38/57   24/41   42/61 
ARPC2p34     At1g30825    33/54   26/46   28/46   n.a.   26/48   26/46 
ARPC3p20     At1g60430    41/58   43/59   39/58   41/60  40/62   47/66 
ARPC4p20     At4g14150    n.a.   49/72   n.a.   48/69   n.a.   57/72 












Knockouts in other subunits of the ARP2/3 complex displays distinctive trichome and 
pavement cell defects (Li et al., 2003, Mathur et al., 2003).  
The target gene At2g30910 is one of the duplicated p41 subunits of the ARP2/3 
complex in Arabidopsis. Its duplicated partner, At2g31300, which also lies on chromosome 
2 is ~197 kb away from At2g30910. Both the duplicated genes encode for a polypeptide of 
378 amino acids each and are 97.4% identical to each other. The amino acid alignment is 
shown in Figure 28.  
 
4.5.2 Number of insertions obtained  
Three independent insertions L40, L276 and L1092 were obtained from sub-pools 8, 
47 and 189, respectively, for the targeted gene At2g30910. Based on different sizes obtained 
from the PCR result, it was concluded that these are independent insertions for the gene. 
Two out of the three insertions had the GUS gene inserted in the sense orientation to the 
gene. However, upon staining for GUS activity no staining patterns were observed. Also, 
these single insertion lines didn't show any obvious phenotypic defects. 
 
4.5.3 Phylogenetic analysis 
As described in materials and methods, the protein sequence of At2g30910 was 
obtained from the TAIR database (http://www.arabidopsis.org/tools/bulk/sequences/ 
index.jsp), subjected to BLAST searches at the TAIR site 
(http://www.arabidopsis.org/Blast/) and the related family members with low e-values were 
identified. The domains present were identified by subjecting the protein sequence to NCBI-









Figure 28: Alignment of the two-duplicated p41 subunits of the Arabidopsis ARP2/3 
complex using clustalx multiple alignment tool. The At2g30910 and At2g31300 proteins are 
97.4% identical. The ruler under the alignment indicates degree of conservation; a flat 
plateau of the ruler indicates high degree of conservation. The two genes are over 97% 










Figure 29: WD40 domains present in At2g30910. The light blue region indicates masked 
out regions that are of low complexity. 
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The protein sequences of these related genes were completely aligned using clustalx 
(Thompson et al., 1997). The phylogenetic tree represented in Figure 30 is an unrooted 
radial tree. It could be speculated from the tree that At2g30910 and At2g31300 are likely to 
be genetically redundant to each other. This may be one of the possible reasons why the 
single gene insertions did not produce any visible defects. 
 
4.5.4 Identification and verification of insertion lines 
Large databases like SALK and SAIL were checked for availability of insertions in 
the likely redundant gene At2g31300. Two insertions; SAIL_739_C05 and SAIL_806_C02 
were available at the SAIL database. A Tissue-PCR based approach was employed to 
identify families carrying the insertion and for genotyping the plants utilizing gene-specific 
forward and reverse primers in combination with LB 3 primer (T-DNA-LB primer). These 
insertion lines displayed no phenotypic abnormality resulting from the T-DNA insertion. 
 
4.5.5 Generation of double mutants and their analysis 
Homozygous SAIL insertion lines SAIL_739_C05 and SAIL_806_C02 were 
identified as described above and crossed to the three independent insertions obtained in the 
target gene At2g30910. Reciprocal crosses were performed, i.e., insertions in the target gene 
were used both as male and female parents. Previously, trichome screens have been used 
extensively to study cytosekeletal defects leading to identification of several mutants 
defective in the ARP2/3 complex and its sub units (Li et al., 2003; Le et al., 2003; Mathur et 
al., 2003). Keeping that in mind, approximately 2000 F2 plants (from the cross) were 
screened to identify double mutants by recombination based on a phenotypic screen for 





Figure 30: Phylogenetic tree for the Arabidopsis ARP2/3 gene family members. The red 
bracket indicates the duplicated p41 subunits of the ARP2/3 complex. 
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Since these genes are placed relatively close to each other, an alternative method of creating 
a double mutant was employed in which plants homozygous for one insertion were re-
subjected to heat shock treatment for creation of a Ds double-hop double mutant 
(Tantikanjana et al., 2004). Due to shortage of time, HS2 populations could not be screened 
for identification and analysis of double mutants if any, produced from this method. 
 
4.5.6 Conclusions 
 Since the genes are over 90% identical at nucleotide level, it was not possible to 
design unique primers to employ a PCR based approach for identification of a double 
mutant that is homozygous for both the duplicated genes. Multiple Ds gene trap insertions 
were obtained both in sense and anti-sense orientations to the targeted gene At2g30910. 
This gene encodes for one of the duplicated copies of the ARP2/3 complex, the p41 subunit. 
Even after examining over 2000 F2 families, no plants with trichome defects were observed. 
It is possible that an even larger population of F2 families need to be examined to obtain 
recombinants since the distance separating the two genes is relatively small for a high 
frequency of recombination. 
 
4.6 At2g30730 and At2g30740  
4.6.1 Introduction 
At2g30740 and At2g30730 are putative serine/threonine protein kinase genes, 
similar to Pto kinase interactor 1 from Lycopersicon esculentum. The serine/threonine 
protein kinase domains present in the protein have been shown in Figure 31. These genes 






Figure 31: Domains present in the kinases; At2g30730 and At2g30740. The Ser/Thr kinase 
domains span almost the entire length of the protein. The light blue region indicates masked 




are 76.5% identical to each other as illustrated in Figure 32. Serine/Threonine protein 
kinases are known to be involved in signaling cascades and as developmental regulators. 
 
4.6.2 Number of insertions obtained 
Two insertions, L267 and L989 were identified for the targeted gene At2g30740 but 
no insertions were identified for its tandemly placed neighbor, At2g30730. L267 has the Ds 
inserted in the sense orientation to the gene while L989 has the Ds gene trap element placed 
in the anti-sense orientation. 
 
 4.6.3 Phylogenetic analysis 
As described in Materials and Methods, the protein sequence of At2g30730 was 
obtained from the TAIR database (http://www.arabidopsis.org/tools/bulk/sequences/ 
index.jsp), subjected to BLAST searches at the TAIR site 
(http://www.arabidopsis.org/Blast/) and the related family members with low e-values were 
identified.  
The phylogenetic tree for this group of Ser/Thr kinases represented in Figure 33 is an 
unrooted radial tree radiating from a central point. Bootstrap labels are set at the nodes. 
From the phylogenetic tree it can be speculated that besides At2g30730 and At2g30740 
being functionally/genetically redundant to each other, another candidate gene on 
chromosome 1; At1g06770, could also be a redundant partner and may be involved in the 
same functional pathway as the other two tandemly placed partners. Also there is a high 







Figure 32: Alignment of the three most closely related serine/threonine protein kinases 
using clustalx multiple alignment tool. The ruler under the alignment indicates degree of 




































Figure 33: Phylogenetic tree for Serine/Threonine protein kinases. Protein sequences were 
aligned with Clustalx (Thompson et al., 1997). The genes that are underlined are the 
tandemly placed target genes where as the red bracket indicates the three candidates that are 
placed in a separate clade and supported by a high bootstrap value.  
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4.6.4 GUS expression analysis 
GUS activity in the entire seedling at 11 and 19 days after germination was observed 
in case of L267, an insertion in At2g30740 in the sense orientation however no staining 
patterns were observed for L989 that has the Ds gene trap element placed in the anti-sense 
orientation. 
At later stages of development tested, there was no staining in the inflorescence. 
Based on the patterns of expression, it seems that At2g30840 may be a house-keeping gene 
required during vegetative growth of plant development. Figure 34 depicts the GUS staining 
patterns in a 19-day-old seedling. 
 
4.6.5 Analysis of double mutants 
Based on the phylogenetic tree and sequence analysis At2g30740 is closely related 
to At1g06770. Databases were examined for availability of knockouts. Seed stocks were 
ordered for SALK_086563 that has a T-DNA insertion in At1g06770. A PCR based 
approach was employed to identify plants carrying the insertions and those that were 
homozygous for the insertion. This insertion line displayed no phenotypic abnormality 
resulting from the T-DNA insertion. 
The two homozygous insertion lines for the target gene At2g30740 were crossed to 
homozygous SALK_086563 insertion lines. F1 seeds were germinated and the self-fertilized 
F2 population was examined for any defects. There were no visible defects observed.  
 
4.6.6 Conclusions 
 Serine/threonine kinases are important signaling molecules involved in signaling 
cascades and as key developmental regulators. Two Ds-GT insertions were identified for the 











Figure 34: GUS activity in L267, an insertion in the sense orientation for At2g30740. The 















double mutants were generated with the likely redundant partner At1g06770. The double 
mutant didn’t produce any phenotype different from wild-type Arabidopsis. 
Since At2g30740 and At2g30730 are tandemly placed, subjecting homozygous 
insertion lines for At2g30740 to heat shock treatment can result in creation of a double 
mutant by Ds transposition, which would be otherwise difficult by regular crossing schemes. 
The double mutant can then be crossed to homozygous insertion lines for At1g06770 to 
create a triple mutant. Thus, At2g30740 At2g30730 At1g06770 triple mutant may provide 
clues of possible gene functions. 
 
4.7 At2g30770 and At2g30750 
4.7.1 Introduction 
The two genes At2g30750 (CYP71A12) and At2g30770 (CYP71A13) are 
cytochrome P450 genes and are placed close to each other separated by only one gene. 
Cytochrome P450 monooxygenases are a group of haem-containing proteins, which catalyze 
various oxidative reactions (Chapple, 1998) and are present in almost all kingdoms 
examined. In higher plants, cytochrome P450s play crucial roles in biosynthesis of a variety 
of endogenous lipophilic compounds such as fatty acids, sterols, phenylpropanoids, 
terpenoids, phytoalexins, brassinolides and gibberellins (Bolwell et al., 1994). The 
Arabidopsis genome is estimated to contain 286 different Cytochrome P450 genes (Paquette 
et al., 2000). P450s thus form one of the largest families of proteins in higher plants. This 
explosion of the P450 family is thought to have occurred via gene duplication and 
conversion, and to result from the need of sessile plants to adapt to harsh environment and to 
protect themselves from pathogens and predators. P450s sometimes share less than 20% 
identity and catalyze extremely diverse reactions (Paquette et al., 2000). 
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 Plant P450s have been classified into A-type and non-A-type (Durst and Nelson, 
1995). In the phylogenetic tree proposed by Durst and Nelson, the A-type P450s branch off 
from the same node, and thought to be derived from a common ancestor. A-Type P450s are 
thought to be involved in plant-specific biochemical pathways. In contrast, the non-A-type 
P450s do not form a single phylogenetic group and are very diverse. In many cases, non-A-
type P450s show more homology to non-plant sequences than to other plant P450s (Durst 
and Nelson, 1995). The targeted genes At2g30750 and At2g30770 belong to the A-type of 
P450s. 
 
4.7.2 Protein structure and domains present 
Protein sequences of At2g30750 and At2g30770 were obtained from the TAIR 
database and subjected to BLAST searches at the NCBI conserved domain database 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) to identify the presence of any 
conserved domains. As expected, Cytochrome P450 domains spanning a region from ~50 to 
480 amino acids were present in both the proteins. The domains have been illustrated in 
Figure 35.  
 
4.7.3 Number of insertions obtained and GUS expression analysis 
Seven independent insertions; L127, L700, L941 L1068, L1072, MP1 and MP7 and 
three independent insertions; L461, L681 and L987 were obtained for the target genes 
At2g30770 and At2g30750, respectively. The two genes are 16 and 26 kb away from the 







Figure 35: Domains present in the two Cytochrome P450 genes: At2g30750 
(CYP71A12) and At2g30770 (CYP71A13). The CYP domain spans almost the entire length 




insertions were in the anti-sense orientation to the gene for At2g30770; and only one out of 
three insertions in the gene At2g30750 was in the sense orientation to the gene. The 
insertion lines were stained for GUS activity but no staining patterns were observed for any 
of the insertions for both the target genes at any stages of plant development. None of the 
single gene insertions had any visible phenotypic differences from the wild type. 
 
4.7.4 Phylogenetic analysis 
As described earlier, the protein sequence of At2g30750 was obtained from the 
TAIR database, subjected to protein-BLAST searches at the TAIR site and all the related 
family members with low e-values were identified. Protein sequences for the related 
members were retrieved from the TAIR database. The protein sequences of the related genes 
were completely aligned and phylogenetic trees constructed as described previously.  
The phylogenetic tree represented in Figure 36 is an unrooted radial tree radiating 
from a central point. It could be inferred from the tree that At2g30750 and At2g30770 could 
be genetically/functionally redundant to each other with the possibility of sharing redundant 
roles with another candidate gene, At1g11610 (CYP71A18). The three genes are over 75% 
identical at amino acid level as shown in Figure 37. This may be a possible reason why 






Figure 36: Phylogenetic tree for the Arabidopsis CYP450 gene family members. For 
convenience, only subset of proteins belonging to A-type of P450s was used for 








Figure 37: Alignment of the Arabidopsis CYP450 gene family members using clustalx 
multiple alignment tool. The At2g30750 and At2g30770 proteins are 89.5% identical. Also 
included is protein sequence of At1g11610, which seems to be a related gene, based on 
data obtained from the phylogenetic tree.  
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 4.7.5 Identification and verification of homozygous insertion lines 
Since insertions for At2g30750 and At2g30770 were available from this study, 
SALK and SAIL databases were checked for insertions in the gene At1g11610. An 
insertion in the SALK database; SALK_058976.43 was identified to carry an insertion in 
At1g11610. Seed stocks were ordered and gene-specific forward and reverse primers were 
designed (List of Primers, Materials and Methods, sub-section, 2.15) for identification of 
plants carrying the insertion and to identify plants homozygous for the insertion. The 
insertion line displayed no phenotypic abnormality resulting from the T-DNA insertion. 
 
4.7.6 Analysis of At2g30770 At2g30750 double mutant 
Two separate strategies were employed with the objective of generating a double 
mutant. Since the two target genes are separated by only one gene and are 10 kb away from 
each other, it was laborious to obtain a double mutant by regular crossing because of low 
frequency of recombination. However, crosses were done between homozygous insertion 
lines for the two genes in order to generate a double knockout. 
As mentioned earlier, one advantage of this system of inducible gene tagging is that 
homozygous insertion lines can be re-subjected to heat shock treatment to remobilize the 
Ds element in order to generate a double mutant. The frequency of a double-Ds-hop is 
reported to be 1% (Tantikanjana et al., 2004). Therefore, homozygous insertions for the 
two target genes were heat shocked in order to get a double knockout. Seeds were collected 
from the HS2 generation and plated on kanamycin and streptomycin containing medium. 
Variegation in the HS1 and complete reversion to fully dark green seedlings were not 
observed since the heat-shocked parent population was already streptomycin resistant. The 
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insertion line numbers and approximate insertion sites (based on PCR results) for the 
insertion that were heat shocked for the two genes have been represented in Figure 38. 
Approximately 3000 individuals in the segregating F2 populations were examined 
for any obvious altered phenotypes but none was detected. The HS2 families have not been 
examined for any defects because of shortage of time. 
 
4.7.7 Conclusions 
Insertions were detected in both the candidate A-type Cytochrome P450 genes. No 
GUS staining patterns were observed; therefore it is hard to speculate or predict what the 
gene functions might be. It is possible that a double mutant was not present in the F2 
population that was screened. Also, a triple mutant with the third partner, At1g11610 may 




The target gene At2g30580 is a C3HC4-type RING finger protein and is placed 
~100 kb away from the starter T-DNA insertion site. Data from the Arabidopsis genome 
suggest that more than 5% of its genes encode transcription factors and less than 10% of 
these factors have been genetically characterized (Riechmann and Ratcliffe, 2000). 
Therefore, though the focus was on genes within 50 kb on either side of the starter T-DNA, 
this particular gene was chosen because it encoded for a potential transcription factor. Also, 









Figure 38: Multiple insertions sites for the two CYP450 genes; At2g30770 and 
At2g30750. The target genes are marked as green boxes. The gene length is the AGI 
genomic locus sequence available at the TAIR database. The physical distance separating 
the two target genes is 12.5 kb and is calculated from ATG of At2g30770 till the stop 




gene that was 100 kb away from the starter T-DNA with the possibility that it may be 
associated with a phenotype. 
A number of eukaryotic and viral proteins contain a conserved cysteine-rich domain 
of 40 to 60 residues (called C3HC4 zinc-finger or 'RING' finger) that binds two atoms of 
zinc (Figure 39). There are two different variants, the C3HC4-type and   the   C3H2C3-
type. The latter type is sometimes referred to as "RING-H2 finger".  
Many proteins containing a RING finger play a key role in the ubiquitination 
pathway.  The ubiquitination pathway generally involves three types of enzyme; know as   
E1, E2 and E3. E1 and E2 are ubiquitin-conjugating enzymes (E1 acts first and passes 
ubiquitin to E2) whereas E3 are ubiquitin protein ligases responsible for substrate 
recognition. It has been shown that several RING fingers act as E3 enzymes in the 
ubiquitination process (Lorick et al., 1999; Yokouchi et al., 1999). 
 
4.8.2 Number of insertions obtained  
 At2g30580 is a relatively large gene with a genomic region of 4662 bp and 
therefore needed 7 primers; 4 in forward and 3 in the reverse orientation to the gene for a 
complete coverage including the 5’ and 3’ UTR regions. It encodes for a protein of 420 
amino acids. Only one insertion was obtained for this gene from master-pool 10 (L553).  It 
had the Ds-GT inserted in the anti-sense orientation to the gene. Seeds were germinated on 
medium containing kanamycin and streptomycin and later transferred to soil. The seedlings 






    
 
 
Figure 39: Domains present in At2g30580, a gene encoding for a C3HC4-type RING 
finger protein. The ~40 residues cys-rich domain is present at the N-terminus of the 




 4.8.3 Phylogenetic analysis 
 Phylogenetic analysis was done as described before (Materials and Methods, sub-
section 2.14). It can be speculated from the tree shown in Figure 40 that At2g30580 and 
At1g06770 are likely to be genetically/functionally redundant to each other. These two 
genes encode for proteins of 420 and 421 amino acids, respectively, and are ~70% identical 
at the amino acid level as shown in Figure 41. 
 
4.8.4 Identification and verification of homozygous insertion lines 
Large databases like the SALK and SAIL were checked for availability of 
insertions in the gene At1g06770. Two insertions in the SAIL database; SAIL_671_A06 
and SAIL_1234_C08 were identified in the likely redundant gene; At1g06770. Gene-
specific forward and reverse primers were designed (List of Primers, Materials and 
Methods, sub-section 2.15) for PCR-based identification of plants carrying the insertion 
and to genotype plants homozygous for the insertion. These insertion lines displayed no 
phenotypic abnormality resulting from the T-DNA insertion. 
 
4.8.5 Analysis of At2g30580 At1g06770 double mutant 
Homozygous insertions lines for these two likely redundant genes were crossed to 
each other. Reciprocal crosses were performed. F1 seeds were collected and germinated on 
soil. A tissue-PCR based screen was employed to identify a double homozygous mutant in 
the segregating F2 population. The double homozygous F2 plants were carefully examined, 








Figure 40: Phylogenetic tree for At2g30580. The red bracket indicates the target gene 








Figure 41: Alignment of the two closely related Zinc finger protein of Arabidopsis The 
At2g30580 and At1g06770 proteins are ~70% identical to each other. The conserved cys at 
the N-T are indicated by a red bracket. The proteins were aligned using clustalx. The ruler 









 One insertion in the anti-sense orientation was obtained in the target gene 
At2g30580 from a relatively small population of 953 HS2 families for which pool-PCR’s 
were performed considering this gene is placed around 100 kb away from the starter T-
DNA position. This confirms the efficiency of the system and its usefulness for saturation 




The target gene At2g30940 is a putative protein kinase containing tyrosine kinase and 
serine/threonine kinase domains. Kinases are known to perform diverse functions in all 
organisms examined. Leucine-rich repeat receptor kinases (LRR-RKs), the largest 
subfamily of transmembrane receptor-like kinases in plants, with over 200 members in 
Arabidopsis regulate a wide variety of developmental and defense-related processes 
including cell proliferation, stem cell maintenance, hormone perception, host-specific as 
well as non-host-specific defense responses, wounding response, and symbiosis (Torii, 
2004). In Arabidopsis, the receptor-like protein kinase (RLK) gene family contains more 
than 600 members, many of which are likely to respond to the external challenges 
presented by an ever-changing environment.  
The targeted gene also contains eukaryotic protein kinase domains. All the domains 
present in the protein have been schematically represented in Figure 42. Workdone by 
Machida’s group demonstrated that a MAP kinase cascade is involved in the regulation of 








Figure 42: Domains present in At2g30940; a gene coding for Tyr/Ser/Thr kinase. The 
kinase domain spans from approximately 160-420 amino acids of the protein. The light 















signaling cascades and serve as key developmental regulators. Enzymes with TyrKc 
domains belong to an extensive family of proteins which share a conserved catalytic core 
common to both serine/threonine and tyrosine protein kinases. Enzymatic activity of 
tyrosine protein kinases is controlled by phosphorylation of specific tyrosine residues in the 
activation segment of the catalytic domain or a C-terminal tyrosine (tail) residue with 
reversible conformational changes.The enzymatic activity of serine or threonine-specific 
kinase subfamily of protein kinases is controlled by phosphorylation of specific residues in 
the activation segment of the catalytic domain, sometimes combined with reversible 
conformational changes in the C-terminal auto regulatory tail. 
 
4.9.2 Number of insertions obtained 
Five independent insertions: L183, L208, L296, L593 and L1057 were identified 
for the targeted gene At2g30940. Three out of five insertions had the Ds-GT element 
inserted in the sense orientation to the gene. None of the insertion lines displayed any 
visible phenotype different from the wild-type Arabidopsis plants indicating the genes to 
either have redundant partners or require specific conditions for the mutant phenotype to be 
observed, like for example biotic or abiotic stresses. 
 
4.9.3 Phylogenetic analysis 
 The phylogenetic analysis for the target gene At2g30940 was performed as discussed 
previously. The tree represented in Figure 43 is an unrooted radial tree radiating from a 






Figure 43: Phylogenetic tree for At2g30940. Protein sequences were aligned with clustalx 
(Thompson et al., 1997). The target gene has been labeled. 
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gene At2g30940 has diverged significantly and has placed itself onto a separate clade that 
is supported by high bootstrap value. 
 
4.9.4 Conclusions 
 Five independent insertions were obtained for the target gene At2g30940. None of 
the insertions displayed any visible phenotypic abnormalities. Results obtained based on 
phylogenetic analysis point to an independent evolution of this kinase like gene as it places 
itself quite independently onto a separate clade supported by a high bootstrap value. An 





 At2g30790 is a putative photosystem II oxygen-evolving complex 23 similar to 
"Oxygen-evolving enhancer protein 2-2”. This family consists of the 23 kDa subunit of 
oxygen evolving system of photosystem II or PsbP from various plants (where it is encoded 
by the nuclear genome) and Cyanobacteria. The 23 kDa PsbP protein (domains present in 
the protein are shown in Figure 44) is required for PSII to be fully operational in vivo. It 
increases the affinity of the water oxidation site for Cl- and provides the conditions required 








Figure 44: Domains present in At2g30790. The PsbP domains span approximately from 











4.10.2 Number of insertions obtained 
Nine independent insertions: L281, L300, L449, L491, L507, L934, L950, L974, 
and L1002 were identified for the targeted gene At2g30790. Two out of the nine insertions 
had the Ds element inserted in the sense orientation to the gene. None of the insertion lines 
displayed any visible phenotype different from the wild-type Arabidopsis plants, indicating 
that the gene may either have redundant partners or are conditional mutants i.e. requires 
specific conditions for the mutant phenotype to be visible. 
 
4.10.3 Phylogenetic analysis 
Phylogenetic analysis for the target gene At2g30790 was performed as described 
previously. It is evident from the tree represented in Figure 45 that At2g30790 and 
At1g06680 are possibly redundant to each other. These two genes encode for proteins of 
261 and 263 amino acids, respectively, and are 83.0% identical at the amino acid level as 
shown in Figure 46.  
 
4.10.4 GUS expression analysis 
 GUS activity was observed in the vasculature of 19-day-old seedlings for L491, an 
insertion line in At2g30790 (Photosystem II Oxygen-evolving complex 23), in the anti-
sense orientation to the direction of transcription. GUS is expressed in the leaves including 
the vasculature of the entire seedling (Figure 47).  
 
4.10.5 Conclusions 





Figure 45: Phylogenetic tree for At2g30790. Protein sequences were aligned with clustalx 






Figure 46:  Protein alignment of At2g30790 with its closely related partner, At1g06880. 
The protein sequences were aligned using clustalx. The asterisks on top of the alignment 






Figure 47: GUS activity observed in the vasculature of 19 days old seedlings for L491, an 
insertion in At2g30790 in the anti-sense orientation to the direction of transcription. GUS 
gene is expressed in the leaves including the vasculature of the entire seedling. 
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T-DNA. Since knockouts for this gene were identified for statistical reasons to fill in gaps 
in the 50 kb window for which insertions were originally sought, further studies for 




The selected gene At2g30860 encodes for a Glutathione S-transferase (GST) gene. 
GSTs are abundant proteins encoded by a highly divergent, ancient gene family. Soluble 
GSTs form dimers, each subunit of which contains active sites that bind glutathione and 
hydrophobic ligands. Plant GSTs attach glutathione to electrophilic xenobiotics, which tags 
them for vacuolar sequestration. The role of GSTs in metabolism is unclear, although their 
complex regulation by environmental stimuli implies that they have important protective 
functions (Edwards et al., 2000). 
GSTs appear to be ubiquitous in plants and have defined roles in herbicide 
detoxification. In contrast, little is known about their roles in normal plant physiology and 
during responses to biotic and abiotic stresses. Forty-seven members of the GST super-
family have been identified in Arabidopsis. These are grouped into four classes, with amino 
acid sequence identity between classes being below 25%. The two small zeta (GSTZ) and 
theta (GSTT) classes have related GSTs in animals, while the large phi (GSTF) and tau 
(GSTU) classes are plant-specific (Wagner et al., 2002). The target gene At2g30860 
belongs to the large, plant-specific phi class of GSTs. 
 To determine the domains present, the protein sequence was subjected to the 






Figure 48: Domains present in At2g30860. The GST_N and GST_C are the GST domains 




4.11.2 Number of insertions obtained  
Six independent insertions: L84, L139, L145, L804, L803, L1059 were identified 
for the targeted gene At2g30860. Two out of the six insertions, L803 and L804, had the Ds 
element inserted in the sense orientation to the gene. None of the insertion lines displayed 
any visible phenotype different from wild-type Arabidopsis plants either owing to 
redundancy or possibly because it requires specific conditions for the mutant phenotype to 
be visible. All of the insertions displayed weak GUS activity in the anthers (data not 
shown). 
 
4.11.3 Phylogenetic analysis 
Phylogenetic analysis for the targeted gene At2g30860 was carried out as described 
before and is shown in Figure 49 and a magnified view is represented in Figure 50. It could 
be speculated from the tree that At2g30860 and the tandemly placed partner At2g30870 
likely share redundant functions.  
 
4.11.4 Conclusions 
 The target gene At2g30860 is placed 13 kb away from the original site of the starter 
T-DNA position. Since knockouts for this gene were identified from a statistical point of 
view to fill in gaps in the 50 kb window for which insertions were originally sought, further 












Figure 49: Phylogenetic tree of At2g30860, a phi-type plant-specific GST. The red bracket 
















Figure 50: Magnification of inbox from Figure 49 displaying the target gene paired up 
with its likely redundant partner. 
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4.12 Chapter Discussions 
In this chapter, mutant phenotype analyses for 53 insertions obtained for the 12-
targeted genes and bioinformatics studies have been described. The mutant analyses were 
uninformative, even in combination with insertions in similar genes, reflecting a wider 
functional redundancy in the Arabidopsis genome. However, expression data when 
combined with these bioinformatics results may serve as pointers towards eventual 






This study describes a new strategy for insertional mutagenesis in Arabidopsis, a 
system with potential for use in other plant systems also. In this approach, Ac transposase 
and the non-autonomous element Ds are placed on the same T-DNA vector with the 
transposase under the control of a heat shock promoter. This circumvents the need for time 
consuming and labor-intensive crosses that are required for initiating mutagenesis, and the 
necessary subsequent segregation of the transposase source, which have been employed in 
previous schemes for general transposon mutagenesis as well as targeted transposon 
mutagenesis using Ac-Ds.  
In this inducible system, the levels of transposase can be regulated by heat-shock. 
One heat-shocked plant has the potential of producing 10,000 to 15,000 HS1 seeds, from 
which ~10,000 independent transpositions could be recovered in the HS2 generation 
assuming an efficiency of ~80% that was observed in this study.  Therefore, heat-shock of 
a single flat of 30 plants can easily generate ~200,000 independent transpositions, which 
should be sufficient to saturate a genomic region of 1-2 Mb.  In this study, 40 starter lines 
are provided, which could be used for saturation coverage of localized genomic regions 
totaling 40 to 80 Mb, although several of these regions are overlapping due to the uneven 
distribution of the starter T-DNAs.  Saturation coverage of the whole genome would in 
theory be possible by using 60 to 120 evenly distributed launch pads, which could be 
achieved by generating and mapping additional transformants using the T-DNA vector 
described here.   
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The number of insertions identified per gene not only depends on the distance from 
the original site of T-DNA integration but also on the size of the gene. At2g30810, a 
gibberellin regulated gene, related to the GASA gene family is a good example of a small 
gene of 829 base pairs only, which is linked to the original site of T-DNA integration. A 
single insertion in this gene was identified for which there is currently no “knockout” 
available in the SALK and SAIL databases. This system therefore provides a highly useful 
approach for inactivating small genes, which might include small genes coding for peptide 
ligands or micro RNAs, using a starter T-DNA close to the gene of interest. Further, the 
system is convenient for establishing whether a specific mutant phenotype is caused by an 
insertion.  Because, the hsp-Ac transposase fusion is linked to the SPT gene and therefore 
present in all the insertion lines, further heat shock treatment of the plants can be used to 
re-mobilize the non-autonomous Ds insertion in order to generate revertants, and also to 
generate double knockouts of tandemly duplicated genes (Tantikanjana et al., 2004).  
A systematic and thorough analysis of a region of chromosome 2 was successfully 
achieved using this system. From this study, multiple insertions were identified in almost 
all the targeted genes examined in a 50 kb window on either side of the original T-DNA 
insertion site. Although none of the insertions displayed visible phenotypes presumably 
because of genetic redundancy in the Arabidopsis genome, GUS expression patterns 
available for several genes provide vital clues for likely sites of gene activity. These results, 
when combined with the available bioinformatics data may be useful for eventual 
elucidation of the function of these genes. 
The Ac-Ds family of transposable elements has been shown to be active in other 
heterologous systems besides Arabidopsis. Therefore, this system of inducible gene tagging 
 128
 
could be useful for plant systems for which transformation is not routine, since coverage of 
the whole genome can be achieved through a relatively small number of transformants that 
act as starter lines. As discussed above, using this system, labor-intensive crosses between 
parent plants to initiate mutagenesis are also avoided.  
However, one of the limitations of the system described may be the repeated 
hopping of the Ds-GT element when the plants are under going heat-shock treatment. This 
may result in imprecise excisions giving rise to mutant phenotypes that are no longer 
tagged to the transposable element.  
In conclusion, this method could compliment in filling the gaps left by T-DNA 
method of gene inactivation. Our systematic analysis of this new technique of inducible 
gene tagging proves it to be an efficient and an advantageous approach towards insertional 
mutagenesis in Arabidopsis to saturate localized regions of the genome, with the potential 
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TAIL-PCR flanking sequence information for the 40 starter lines. 
 
TAIL-PCR sequence information. 
a. Name of the starter line; the number in parentheses are chromosome numbers; b 
indicates two different, but good quality sequences obtained (both the sequences have 
been listed). c, indicates whether the sequence listed is from left or right border of the T-
DNA, L=Left Border; R=Right border; d, sequences obtained from TAIL-PCR; lower 
case letters indicates T-DNA sequence whereas the upper case letters denotes the 
Arabidopsis genomic sequences. 
SLa LB/RBc TAIL-PCR Sequence datad 
 






























































































































































































































































































































































































































































































































































165 (4) R tttggtgtgatgatgctgactgGAAAGTTTTAAAAGAACTTTTACCGACCGAGATCAC
GAAAGCTATTGAAGTGTTAAACTTTTTGAAAAAGTTTGAAGGTTGTTATC
CAAATACATGGATTGCGTTTAGAGTGATGCTAACAGTTCCAGTTTCAGTC
GCCTCAGCCGAAAGAAGTTTTTCCAAGCTAAAGTTGATAAAGTCATACTT
AGGATCAACAATGTCAGAAGAGAGATTGAATGCCTTGGCGATATTGTCA
ATTGAAAGAGATTTAGTTGGAGAGCTCGACTATATAAGTTTGATAAACG
ACTTTGCGGCAAAAACTGCAAGAAGATCTATTTTCGAAATCCGAGATGA
TGATGAGTAGCAAGTGTAGTTTCAGTTTTTTGAAAAACTTGTGTTTCATT
TACGGTTTATCATTGGTTTTGTGCTTTTTCTTNGGGGGCCATGCAACNNT
GACCACNTTGNCAATCGATCAAAGCTGTCATATAAATGCATAGACAAAA
CATTGATGATTAATCCCTTTTTGTCAACGAATCTTGNAGGTATTTATTTAT
TTTGNCACCAAAACATCAAATCACACTAGATACAAGTTGGNCCAGATCG
TATAAGTTCGTTTCCN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
